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ABSTRACT 
The secondary e l e c t r o n  emission c o e f f i c i e n t  was measured f o r  
a charged polymer (FEP-Teflon) wi th  n o m a l l y  and o b l i q u e l y  i n c i d e n t  
primary e l ec t rons .  Theor i e s  of secondary emiss ion  are reviewed and 
the  experimental  d a t a  i s  compare+ t o  these t h e o r i e s .  Resu l t s  were 
obta ined  f o r  angles  o f  i nc idence  up t o  60' i n  normal e l e c t r i c  f i e l d s  
of 1500 V / m .  Addi t iona l  measurements i n  the  range from 50' t o  70" 
were made i n  reg ions  where t h e  normal and t a n g e n t i a l  f i e l d s  were 
approximately equal.  
I n  these  experiments  t h e  s u r f a c e  of t h e  d i e l e c t r i c  was I r r a d i a t -  
ed w i t h  a diffuse monoenergetic e l e c t r o n  beam u n t i l  a stable charge 
d i s t r i b u t i o n  was observed. When a t h i n  (0.15 mm x 1 m m )  col1ima:ed 
e l e c t r o n  beam was i n j e c t e d  into the specimen's  environment w i t h  an 
energy equa l  to  80% of t h e  s u r f a c e  p o t e n t i a l ,  t h e  bean d e f l e c t e d  and 
s t r u c k  d e t e c t o r  wires as i t  l e f t  t h e  chamber whFc!q contained t h e  speci-  
Den. The i n i t i a l  i npu t  ang le s  and measured output  point of t h e  e lec-  
tron beam could b e  ana lyzed  wi th  computer s imu la t ions  i n  o r d e r  t o  
determine t h e  f i e l d  w i t h i n  t h e  chamber. The computer s imula t ions  
used conformal mapping, a Green 's  i n t e g r a l ,  and numer ica l  i n t e g r a t i o n  
t o  trace p a r t i c l e  t r a j e c t o r i e s .  
Wen  the f i e l d  is known, the t r a j e c t o r i e s  can be c a l c u l a t e d  
f o r  impacting e l e c t r o n s  having various ene rg ie s  and angles  of i n c i -  
dence. There was c l o s e  agreement between t h e  exper imenta l  r e s u l t s  
and t h e  commonly assumed t h e o r e t i c a l  model i n  t h e  presence  of normal 
e l e c t r i c  f i e l d s  for a n g l e s  of i s c i d e n c e  up t o  60'. High-angle 
PRECEDING PAGE R? ANK NOT FILMED 
results obtained in the presence of tangential  electric fields d i d  
not agree with the  theore t ica l  models. 
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CHAPTER I 
INTRODUCTION 
Spacecraf t  p laced  i n  geosynchronous o r b i t s  are sub jec t ed  t o  
e l e c t r i c a l  charging by t h e i r  environment. Overheating of t h e s e  space- 
c r a f t  i s  prevented by equipping them with thermal  coa t ings  which a r e  
o f t e n  e l e c t r i c a l  i n s u l a t o r s  and which un fo r tuna te ly  beconie ch,,rgcd i n  
the vacuum environment. This  cnargingphenomenon c r e a t e s  e l e c t r i c  f i e l d s  
which, i f  allowed t o  become s t r o n g  enough, w i l l  cause surface breakdown. 
Normal s a t e l l i t e  o p e r a t i o n s  and communications can be d i s r u p t e d  by 
accumulated charges  and t r a n s i e n t  c u r r e n t s ;  t h e r e f o r e  a b e t t e r  under- 
s t and ing  of these thermal m a t e r i a l s  can a i d  i t1  t he  des ign  of more re- 
l i a b l e  spacecraft exter iors  wi th  tllc s p a c e c r a f t  modclins techniques 
a s  developed by D. E. Katz c t  al. (1). The behavior  of t h e s e  thermal 
ma te r i . 11~  is t h e  subject of this r e p o r t  and preceding r e p o r t s  ', 3 ,  
4, 5, 6 ,  7 )  from this l abo ra to ry .  
The sof tware  compiled by D. J. T i l l c y  (G) and N.  Quoc-Nguyen (7) 
been modified by J. W .  Robinson (3) t o  s u i t  t h e  cu rnpu ta t iunn l  need.: 
of t h i s  cu r ren t  r e s e a r c h  p r o j e c t .  The work of N I  Quoc-Nguyen ( 7 )  was 
mainly experimental  and h f s  t h e s i s  presented r e s u l t s  concerning secondary 
e l e c t r o n  emission from 3 d i e l e c t r i c  f i l m  s u b j e c t e d  tu v a r i o u s  normal 
e l e c t r i c  F ie lds  and charge d e n s i t i e s .  
P o t e n t i a l  f i e l d  d i s t r i b u t i o n s  were obta ined  by D. J. Tilley (6) 
from an a n a l y s i s  af measured e l e c t r o n  t r a j e c t o r i e s .  T i l l e y  found g c ~  
era1 s o l u t i o n s  t o  Laplace ' s  equat ion  genera ted  by summing mul t ipu le  
f i e l d s  using computer programs he compiled. 
This paper  is an ex tens ion  of t h e  merhods and r e s u l t s  presented 
by ehese  previous  r e sea rche r s .  Experiments conducted by this au tho r  
provided informat ion  concerning f i e l d  distributions and secondary 
e l e c t r o n  emission from a charged d i e l e c t r i c  u s ing  ob l ique ly  i n c i d e n t  
e l e c t r o n s .  The secondary e l e c t r o n  emission results presented  h e r e i n  
and the  r e s u l t s  ga thered  by H. Quoc-Nguyen were f o r  normal e l e c t r i c  
f i e l d s .  
A r e p o r t  ( 6 )  concerning t h e  software r equ i red  t o  process  t he  
exper imenta l  data was prepared by J .  W .  Robinson i n  September of 1980, 
This  complementary r e p o r t  d e s c r i b e s  t h e  computer programs used i n  t h e  
e s t ima t ion  of field distributions. These approximate potentials were 
used i n  determining e lectron beam t r a j e c t o r i e s  fur various angles of 
It was necessary  to measure and model t h e  p o t e n t i a l  d i s t r i b u t i o n  
a c r o s s  t h e  d i e l e c t r i c  s u r f a c e  i n  order t o  ga the r  d a t a  on secondary emis- 
szon f o r  obliquely incident: e l e c t r o n s .  Therefore t h e  f i r s t  t a sk  was t o  
c r e a t e  a system into which e l e c t r o n s  could be in jec ted  and the ir  e x i t  
p o i n t s  measured. A proper choice of t he  specimen's e l e c t r o s t a t i c  en- 
vironment yields a geometry which can be  modelled w i t h  relative mathe- 
matical ease. Figure 1 shows the geometry used whii w a s  tha t  of a 
half c y l i n d e r  w i th  the specimen placed i n  the c e n t e r  of t h e  b i s e c t i n g  
plane. h two-dimensional s imu la t ion  which employs conformal mapping 
is  used t o  compute p o t e n t i a l s  and e l e c t r i c  f i e l d s  w i t h i n  t h e  electro- 
static environment. X polynomial r e p r e s e n t a t i o n  of the p o t e n t i a l  dis- 
t r i b u t i o n  i s  used where t h e  p o t e n t i a l s  and e l e c t r i c  fields are expressed 
as  integrals weighted by t h e  polynomial c o e f f i c i e n t s .  
Fi::ure 1. t:eometriscll represenra t  i on  of tile specimen and i t s  
environment.  
The emphasis of t h i s  thesis is mainly experimental i n  na tu re ,  
yet: a gene ra l  knowledge of e ~ ~ i s s i o n  mechanics and mathematical  models 
i s  necessary  for one t o  gain i n s i g h t  i n t o  the exper imenta l  r e s u l t s .  
Therefore  t h e  remainder o f  t h i s  chap te r  is devoted t o  a review of lit- 
e r a t u r e  on secondary emission from polymers and a number of equat ions  
are derived which w i l l  be  used eo compare experimental r e s u l t s  wi th  
relevant theories. 
Phenomenology of Theories for Secondary Emission 
Secondary e l e c t r o n  emission is the effect by which electrons 
a r e  emi t t ed  from a s o l i d  when bombarded by e lec t rons .  The mechanisms 
Jre as fo l lows* pr imary  e l e c t r o n s  bombard the ta rgee  m a t e r i a l  ~ n d  
l o s e  energy to  t h e  l a t t i c e ;  some e l e c t r o n s  make elas t ic  c u l l i s i o n s  and 
arc emi t t ed  w i t h  no loss of energy; oriler e l e c t r o n s  make i n e l a s t i c  c o l -  
lisions and are emi t ted  a t  lower energies whi l e  the remainder are brought  
t o  rest and become bur i ed  (9)  within t h e  d i e l e c t r i c .  The t r u e  secondary 
electrons, which are originally bound t o  t h e  s o l i d ,  ga in  sufficient 
cnergy from the primaries to overcome t h e  work func t ion  a t  the surface.  
I f  t h e s e  secondary e l e c t r o n s  were not r e l ea sed  t h e  t o t a l  secondary 
e l e c t r o n  emission coefficient could never exceed one. 
Energy Spectrum of Secondaries  
F i g u r e  2 shows a typical p l o t ,  taken f r o m  Harrower (lo), of t h e  
d e n s i t y  of emitted e l e c t r o n s ,  N(E), as a f u n c t i o n  of energy where Eo is  
the  energy of the monoenergetic primary beam. 
F i g u r e  2 .  Energy spectrum of secondary electrons. 
The first hump i n  F igure  2 corresponds to the true secondary 
e l e c t r o n s  which possess t h e  lowest k i n e t i c  ene rg ie s .  bhthematically 
t h e  coral number of s econda r i e s  is 
where E 1 i s  about 50eV (11) f o r  most m a t e r i a l s .  The i n e l a s t i c a l l y  
max 
r e f l e c t e d  e l e c t r o n s  are conta ined  i n  the energy interval between El 
and G , .  The number of i n e l a s t i c a l l y  reflected primaries is given as 
4. 
t h e  i n t e g r a l  of  t h e  number densi ty  between the  va lues  E, and E 
m 1' 
The e l a s t i c a l l y  re f lec ted  e l s c t r o n s  are bounded t o  t h e  i n t e r v a l  given 
by Eo ""d E ., . 
- 
It should h e  noted t h a t  t h e  t o t a l  number of primary e l e c t r o n s  cannot  be  
deduced by any observa t ions  based s o l e l y  on Figure  2. I e  is convenient  
t o  assign s symbol to the total number of primary electrons which we 
s h a l l  call Y . 
P 
The relative heights of  t h e  humps i n  F igu re  2 arc not constant 
as the  primary energy is increased. Harrower (10) shows i n  his a r t i c l e  
how tile three classes of electrons vary i n  relative s t r e n g t h s  as a func- 
tion of primary energy. 
Harrower found fo r  his bfolybdenum tsrqet that at: h igh  primary 
e n e r g i e s  (Eo 500eV) the true secondar ies  w i l l  dominate t h e  d i s t r i b u -  
tion. In  t h e  high energy case the l a s t  two humps would be miss ing  and 
only  t h e  f i rs t  hump present. Figure  2 i l lus t ra tes  moderate primary 
energies (E = 5DeV - 2OOeV) where a l l  three classes of emitted electrons 
3 
map be i d e n t i f i e d .  I n  the  law ene rg ie s  case (E = 20eV) it is d i f f i c u l t  
0 
t o  d i s t i n g u i s h  between t he  th ree  classes of e leckrons  s i n c e  t h e  elas- 
t i ca l l?*  ~ n d  ineldstic~lly rcflecrcd electrons s h a r e  t h e  same average 
energy as the s l a w  secondaries. These observa t ions  are supported by 
L. N. Dobretsov (11) when he states, "The energy spectrum of t h e  true 
secondaries e l e c t r o n s  f o r  metals is  practically independent of t h e  p r i -  
mary electron energy beginning ar E = 18 - 2OeV."  I c  should be noted  
3 
here t h a t  our research could  not  measure N(E), and hence t he  relative 
strength of each C ~ ~ S S ,  but it is mentianad here for instructive dn3 
Jef i n i  t ive  reasons. 
Xt is u s e f u l  t o  express each of the  separace emission processes 
w i t h  s d i f f e r e n t  symbol. The t o t a l  number of emit ted electrons is the 
sum of the three symbols referred to above. If N is t h e  prhary t e s t  
P 
charge number and Si, S e ,  and X -  arc i n e l a s t i c a l l y ,  elastically, and 
b 
slowly emitted electrons, respectively; then we define t h e  t h r e e  emis- 
sion cuefficients ss follows. 
Each of these coefficients depends d i f f e r x t l y  on such factors 
as primary beam energy, l a t r i c e  symmetry, band structure, phonon colli- 
s i o n s ,  and surface c l e a n l i n e s s ,  An e x c e l l e n t  d i s c u s s i o n  of these inter- 
actions is given by L. N. Dobretsov (Il). If we define the t o t 3 1  
secondary electron emission coefficient t o  ba u then the following 
equat ion holds.  
This  and the fo l lowing  paragraph compare results va r ious  auth- 
o r s  have ga thered  on elastically and i n e l a s t i c a l l y  reflected e l e c t r o n  
c o e f f i c i e n t s  f o r  some i n s u l a t o r s ,  A t  high primary beam ene rg ie s  
(Go  IOUcV) many au tho r s  (10, 11, 12, 13, 1 4 )  neg lec t  the e l a s r i s n l l y  
re f lec ted  e l ec t rons .  I .  li. Rronshcien (13) es t ima te s  t h a t  r is equal 
to 2-32 f o r  metals and even lower f o r  i n s u l a t o r s .  S. A. Fr idr i ldrov 
(12) n e g l e c t s  the q u a n t i t y  r ,  even a t  low primary e n e r g i e s ,  f u r  the 
mica sample he i n v e s t i g a t e d .  F igure  3 plots J ,  i, and 6 at primary 
snergfes  up t o  50eV f o r  the mica sample. Therefore w e  w i l l  neglect 
t h e  term r i n  Equation (7) hencefor th .  
The r o l e  p layed  by t h e  inelastlcallp reflected e l e c t r o n s  f o r  
mica as a function of primary energies is shown i n  F igure  3.  \ h e n  an 
L T , J , i  
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F i g u r e  3 .  Plot of , 3 ,  and i f o r  m i c a  taken  r rum Pr idr i Ichov.  
i n s u l a t o r  i s  probed w i t h  high primary beam energies, i becomes sma l l  
compared t o  6. Kanter (15) supports t h i s  view when he s t a t e s ,  "As a 
r e s u l t ,  t h e  c o r r e c t i o n  f o r  the ' b acksca t t e r ed  energy' was always l e s s  
than 5% of t h e  inpu t  energy f o r  carbon and l e s s  than 8% f o r  aluminum." 
Since FEP-Teflon is composed mostly of hydrogen, carbon, and f l u o r i n e ,  
t hese  f i g u r e s  a r e  of i n t e r e s t .  I n  gene ra l  m a t e r i a l s  w i t h  a l o e e r  ef- 
fective atomic number have lower i n e l a s t i c a l l y  reflected e l e c t r o n  co- 
e f f i c . ? n t s  (11).  E. G. Martsinovskaya (14) found similar r e s u l t s  f o r  
the  low density polymers he i n v e s t i g a t e d .  Because of t h e s e  results i 
w i l l  be  neglected f o r  h igh  primary energies. 
C l a s s i f i c a t i o n  of D i e l e c t r i c  Emi t t e r s  
There are two basic classes of d i e l e c t r i c s  a s  p e r t a i n s  t o  secon- 
dary emiss ion ,  The f i r s t  c l a s s  con ta ins  all. d i e l e c t r i c s  which are 
r e l a t i v e l y  poor e m i t t e r s  and where cs v a r i e s  from one t o  f o u r .  This  
me x 
class con ta ins  such subs tances  a s  mica, Wi l le rmi te ,  polyamide (Kapton), 
FEP-Teflon, PET (Ny la r ) ,  CaF,, LiF, C (Diamond), SiO,, b l d 3 ,  Sb2S3, 
- - 
and S f .  The second c l a s s  of d ie lec t r ics  a r e  those with  high emission 
c o e f f i c i e n t s  on the  o r d e r  of five to f i f t e e n .  This  c l a s s  con ta ins  such 
compounds as XgO, BaO,  KBr, KI, NaCL, and flaBr. The Fact t h a t  a sub- 
s t a n c e  has  l a t t i c e  symmecry does n o t  seem t o  b e  the c o n t r i b u t i n g  f a c t o r  
i n  maximizing a f o r  d i e l e c t r i c s .  NgO and Si both have the same basic 
l a t t i c e  symmetry y e t  t h e  r a t i o  of t h e i r  respective emissions coef- 
f i c i e n t s  is fifteen. Note that no polymers are good e m i t t e r s  bu t  i n  
general LT is smaller f o r  metals and semiconductors than f o r  i n s u l a t o r s .  
Band Structure i n  Secondary Emission 
The band s t r u c t u r e  p l ays  an  impor tan t  r o l e  i n  t h e  emission of 
secondar ies  from a l l  m a t e r i a l s ;  meta ls ,  s ~ m i c o n d u c t o r s ,  and i n s u l a t o r s .  
If the  energy d i f f e r e n c e  between t h e  conduct ion band and t h e  va l ence  
- band (Eg = Econd Eval ) is g r e a t e r  than the work f u n c t i o n  of t h e  ma- 
t e r i a l ,  then  a secondary nea r  t h e  s u r f a c e  has only  t o  l e a v e  the va l ence  
band t o  be f r e e ,  An e l e c t r o n  exc i t ed  o u t  of St; valence  w i l l  n o t  be 
stopped by any i n t e r a c t i o n s  wi th  e l e c t r o n s  i n  e i t h e r  band. The case 
j u s t  stated a p p l i e s  t o  i n s u l a t o r s  of bo th  c l a s s e s  where t h e  b e t t e r  
e m i t t e r s  have a smaller bandgap than the weak d i e l e c t r i c  emi t te rs . .  For  
semiconductors (Si, G e ) ,  where ED < E seccnda r i e s  must i n t e r a c t  w i th  
0 W' 
e l e c t r o n s  i n  both bands and t h i s  is one reason  semiconductors a r e  poor 
e m i t t e r s .  For metals, p o t e n t i a l  secondar ies  l o s e  energy r e a d i l y  through 
c o l l i s i o n s  w i t h  o the r  conduct ion e l e c t r o n s .  
For i n s u l a t o r s  the i n t e r a c t i o n s  of s econda r i e s  w i t h  h o l e s ,  pho- 
nons, m a t e r i a l  d e f e c t s  and t rapping  c e n t e r s  are  t h e  main mechanisms by 
which seconda r i e s ,  wi th  s u f f i c i e n t  i n i t i a i  2 i n e . l ~  energy t o  leave the 
m a t e r i a l ,  are stopped and no t  emit ted.  The rp- ab ina r ion  of h o l e s  
and secondary e l e c t r o n s  is  very ur.:kely and w i l l  be  ignored.  A col- 
l i s i o n  w i t h  a phonon c;n only cause a small l o s s  of energy. Though a 
collision w i t h  an opi:ical phonon causes only  a small change i n  momentum, 
a c o l l i s i o n  wi th  an a c o u s t i c a l  phocon can provide  l a r g e  changes i n  
momentum which can s c a t t e r  t h e  secondary or change i t s  d i r e c t i o n  rela- 
t i v e  t o  t h e  su r f ace .  Repeated c o l l i s i o n s  w i t h  phonons can  slow a 
secondary down yet  the main s topping mechanism for seconda r i e s  is  
t h e i r  i n t e r a c t i o n s  wi th  t rapping  c e n t e r s  and m a t e r i a l  d e f e c t s .  
Dobretsov (11) s ta tes ,  "The capcure of an i n t e r n a l  secondary by 
a d e f e c t  is a d e c i s i v e  factor i n  t h e  secondary emission from subs tances  
wi th  a l a r g e  number of defects." It  is very l i k e l y  t h a t  f o r  polymer 
d i e l e c t r f z s  l i k e  FEP-Teflon, where t h e r e  is l i t t l e  l a t t i c e  symmetry, 
t h e ; e  is an abundance of dangl ing  bonds and t rapping  c e n t e r s .  
The emission of secondary e l e c t r o n s  from an i n s u l a t o r  being 
stimulated by a primary e l e c t r o n  beam is  a complex process .  Important 
f a c t o r s  which c o n t r i b u t e  t o  emission mechanics a r e  t h e  m a t e r i a l  band 
s t r u c t u r e ,  l a t t i c e  d e f e c t s ,  m a t e r i a l  work func t ion ,  electron-phonon 
i n t e r a c t i o n s ,  and e l e c t r o n  t r a n s i t i o n  p o b a b i l i r i e s .  Also secondary 
emission can be influenced by exper imenta l  procedures which affect 
surface contaminat ion o r  surface roughness.  
Q u a n t i t a t i v e  Theory of Secondary Emission 
It is  h e l p f u l  t o  start wi th  a s i m p l e  theory and modify i t  a s  
n e c e s s i t y  demands. Many authors (11, 16, 17, 18,  1 9 ,  20, 21, 22, 23) 
use the fo l lowing  model. and theory t o  c h a r a c t e r i z e  secondary emis.- 
sion f rom a d i e l e c t r i c .  The ewpi r i ca l  model is semiquan t i t a t i ve  a t  
b e s t ,  y e t  i t  neve r the l e s s  i s  q u i t e  u s e f u l .  It should b e  emphasized 
t h a t  t h e  following model does no t  d e s c r i b e  t h e  behavior  of e l a s t i c a l l y  
o r  i n e l a s t i c a l l y  reflected e l e c t r o n s .  This f a c t  will b e  emphasized 
by using t h e  symbol 6 i t1  a l l  equa t ions  us ing  this model. Later  in 
t h i s  paper under ehc proper assumptions 6 w i l l  be  r ep l aced  by 0 b u t  
u n t i l  then  we w i l l  u s e  5 .  
We assume the t r u e  secondary elecrron emission c o e f f i c i e n t  w i l l  
be given as 
where n(x,E )dx reprzsents the average number of s econda r i e s  produced 
0 
by one primary at depth x and l a y e r  thickness dx below the surface. 
Figure 4 shows t h e  one-dimensional geometry be ing  considered by t h i s  
model where R i s  t h e  mixximum d e p t h  to which any given primary e l e c t r o n  
can penetra te  for a fixed i n i , i a l  ene rgy ,  . Eo 
L. N. Dobrcrsov (11) refers t o  n(x,Eo) as t h e  e x c i t a t i o n  densiLy 
f o r  secondary e lc , . t rons .  Regardless of t h e  name n(x,Eo) has  the  u n i t s  
of number of secondary electrons ( p e r  primary) p e r  u n i t  length. Thc 
func t ion  E(x) is  the  p r o b a b i l i t y  t h a t  a secondary e l e c t r o n  will b e  
emit ted from the rnatcrfcll for m y  s. A11 au tho r s  assume t h a t  Che 
p r o b a b i l i t y  func t ion  a s s o c i a t e d  with the r e l e a s e  of  secondaries from 
a dielectric i s  a function which decreases  exponen t i a l l y  with i nc reas ing  
x. The standard £ o m  of f (x )  f o r  norma11:r i n c i d e n t  electrons is 
E (r) = f (0) esp (-s/Ps) (9) 
where E(0) r ep re sen t s  the probability 05 escape  right a t  the s u r f a c e .  
The q u a n t i t y  X i s  a measure of the ability f o r  a secondary electron 
S 
t o  leave the macerial. Xs has t h e  units of l eng th  and varies between 
20x and 50g for most maeerials. As we would =pec t  the p r o b a b i l i t y  
func t ion  muse go t o  zero as x approaches inf ictity. 
Primary 
Path 
Figure 4 .  One-dimcns i o n a l  analvs is  of  secondarv emission. 
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The meaning of the q u a n t i t i e s  R, Xs, f ,  x, I, and lc will be re- 
- 
vealed in t h i s  subsection. Tile s t a t i s t i c a l  q u a n t i t i e s  F, x, and s, as 
described by Dobretsov (ll), provide a useful t o o l  for gaining i n s i g h t  
i n t o  complex mathemntical express ions .  
The maximum depth t o  which any primary e lec t ron  can p e n e t r a t e  
is 3 c o n s t a n t ,  w i t h  r e s p e c t  t o  x,  a t  3 f ixed primary energy and is de- 
f i n e d  to be R. The range  R i s  assumed to  b e  f u n c t i o n a l l y  dependent 
only  on ehe impact energy E . 
0 
' rhe p h y s i c a l  meaning of X is revea led  i n  t h e  fol lowing para-  
s 
graph.  L e t  u s  suppose  secondary e l e c t r o n s  are generated a t  p o i n t  "o" 
ds shown i11 Figure 5. Ir'e Jssurne he re  t h a t  t h e  secondary e l e c t r o n s  
w i l l  b e  s c a t t e r e d  i s ~ t r o p i c a l l y  50 that only a small number of them 
will b e  pointed s t r a i g h t  back a t  t h e  surface .  We a l s o  assume a s  d i d  
Junker (21)  t h a t   h he seconda r i e s  a re  absorbed i n  t h e  m a t e r i a l  accord- 
ing t o  t he  exponent ia l  apsorption law. " Therefore ,  as the secondar ies  
t r ave l  th rough  t h e  d i e l e c t r i c  t h e  p r o b a b i l i t y  t h a t  they have not beconie 
trapped decreases exponentially. \That Equation (9) s eates is t h a t  
t h e  p r o b a b i l i ~ y  of escape through t h e  s u r f a c e  is a l s o  an exponential  
where S is  secondary range and E ( O )  is  the p r o b a b i l i t y  tha t  an elec- 
S 
t ron  may leave t he  surface a t  the plane x=O. 
I f  w e  def ine  a q u a n t i t y  lC t o  b e  t h e  f r e e  mean p a t h  of s 
secondary e l e c t r o n  p r i o r  t o  being r e t r apped  in a n o t h e r  t r a p  c e n t e r ,  
i t  should be clear that Is is  l e s s  than  lc. In A strict mathemat ica l  
sense the  surface l o s s  f u n c t i o n ,  which may be de r ived  f rom the  bulk  
F i ~ u r e  j. Secondary  r;lnge .inJ t r ee  rne;ln p a t h .  
func t ion ,  cannot b e  a s imple  exponen t i a l  function, The surface loss 
Eunction was der ived  for t h e  c a s e  of i s o t r o p i c  gunerat ion of secondaries 
at an a r b i t r a r y  distance x where t h e  p r o b a b i l i t y  t h a t  a secondary is  ab- 
sorbed ( trapped)  is p r o p o r t i o n a l  t o  exp(-x / l  ) .  It  is s u f f i c ~ e n t  to 
C 
s t a t e  here that there are o t h e r  terms r e s u l t i n g  from t h e  i n t e g r a t i o n  
which must: be ignored if one is  to model t h e  s u r f a c e  l o s s  func t ion  as 
s s imple  exponential a s  most a u t h o r s  do (11, 16 ,  17, 18, 19, 1 3 ) .  
Dekker (24) sugges t s  a t h e o r y  where i f  t h e  ~ r i m a r y  range R is 
g r e a t e r  than the secondary range X then  t h e  product ion of secondar ies  
s 
per unit depth n ( s , E  ) may be taken to be a cons t an t .  This  theory de- 
0 
pends on a h igh  trap d e n s i t y  and l e a d s  r -  : :cdel which s t a t e s  t h a t  t he  
p r o b a b i l i t y  of  t r a p p i n g  secondar ies  i s  proportional t o  exp(-xiL) where 
L is e q u a l  t o  tilt? d i f f u s i o n  l eng th  of t he  secondar ies .  This theory 
uses the s tandard  d i f f u s i o n  law equat ions  and assumptions i n  modeling 
the escape of sacondaries f o r  the in s t r l a to r .  These observatians pro- 
vide i n s i g h t  i n t o  the n a t u r e  of Equa t ion  ( 9 ) .  
The depth to which t he  primary electrons penetrate the surface 
increases w i t h  i nc reas ing  primary beam energy. The average depth st 
which i n t e r n a l l y  genera ted  secondary e l e c t r o n s  are created is 
where Ei, is t h e  initial primary e lec t ron  energy and is taken t o  be  s 
constant f o r  each i n t e g r a t i o n .  A s  the primary electron energy is in- 
- 
creased x increases but the secondaries mean escape probab i l i t y ,  f , 
w i l l  decrease. 
The mean escape probability I(R) w i l l  give t h e  p r o b a b i l i t y  of escape 
!'or secondaries  .is 3 r 'unc t ion  of elie primary r.xnge, where the primarv 
r.mge is  a function only  of ciic fixed i n i t i d  p r i m a r y  eneri:y 
- 
The mean e l e c t r o n  escape depth as is given by Equation (12) 
represents t h e  d e p t h  a t  which secondary emission is most probable f o r  
a given pr imary energy. 
- - 
The s i g n i f i c a n t  difference between and x is that 2 has been weighted 
by the secondar., e l e c t r o ~  p r o b a b i l i t y  function whereas % depends only 
on the excitation d e n s i t y .  
Estunple of Statfstical Quantities 
An example w i l l  illustrate the various roles played by the 
terms defined in the prevfous subsection. 
In our example we will use f (x )  as sta ted and assume that the 
excitation d e n s i t y  is a constant over the region from x=O eo s = R .  
T h i s  assumption is discussed in further d e t a i l  later and the r e s u l t s  
art? s t ~ t e d  below. 
- 
A t  low p r b a r y  energies when H is small, compared to X x 
5 
reduces to R. This i s  accomplished by s e t t i n g  e s p ( y )  = l+!: in Equation 
(141. d s i m i l a r  expansion of the exponential term reveals that 7 = f ( 0 )  
which s t a t e s  that  at: low primarv energies  r h e  p r o b a b i l i t y  35 escape is 
.it its masimum. At high primarv beam e n e r g i e s  when K is much g r e a t e r  
t h a n  S t he  escape p r o b a b i l i t y  2 d r o p s  o f f  rapidly ,3s is ir~dicated by 
S 
- 
t h e  esponential behavior af Equation (15). When R 5 )  S x w i l l  b e  s ' 
- 
equal eo S and t h e  ratio ;/ w i l l  be  equal t o  R/2S . When t h i s  ratio 
Y S 
is near one, under any assumptions, the secondary emission w i l l  be  
vary close to a maximum. The quantity R / X I  as defined herein is an 
b 
impor tan t  phys ica l  parameter w e  w i l l  refer t o  frequenely in the d i s -  
cussions t o  folluw. 
Bssumptians Csdd t o  3lodel E m i s s i o n  
Continuing with the  development of our model fcr 4, it is neces- 
sary ca s t a t e  the  approx ina t ions  wh ich  justify t he  u se  of Equation (8).  
Four i n i t i a l .  assumptions are as follows: (1) the primaries move i n  
straight trajectories th rough  t h e  dielectric along the d i r ec t i on  of 
incidence perpendicular  to the surface, (2 )  t h e  primary energy loss 
per unic p a t h  l e n g t h  is given by Idhiddington's Law 
where X is a cons t an t  characteristic of each m a t e r i a l  and E(s! is the 
amount of energy a pr.imar>t has as it penetrates t h e  surface, ( 3 )  t h e  
number of secondaries  produced i n  a l ayer  of dx by a single primary is 
p ropor t iona l  t o  dE(x) /ds, i, e., 
t i  1 , "  represents  t he  JverJgc e x c i t a t i o n  energy  r equ i r ed  t a  produce 1 
J secondary, t.i) r ' i na l ly ,  i t  is assumed that the p r o b a b i l i t y  that a 
secondary produced st a depth x can escape from t h e  surface is given by 
c t ~ e  espanencia l  abso rp t ion  law f (x) = f (0)exp (-x/X ) . 
s 
If Eo is che energy which the  primary electrons have as t h ey  
strike t h e  surface, then  t h e  p r i m a r y  energy as a function aE x ( t h e  
d i s t a n c e  measured perpendicular  i n t o  t h e  surface) is given as 
which follows from i n t e g r a t i o n  of Equation (lb) from x=9 t o  soma ar- 
bitrary distance x. The approximate maximum depth of penetratian of 
the primaries becomes 
I f  we substitute Equations (16) and (13) i n t o  Equation (17) we f i n d  
The density of electrons n(x,Eo) is a masimum when t h e  primary 
e l e c t r o n s  reach t h e  end of t h e i r  path .  A s  a m a t t e r  s f  fact, Equation 
(2G) tends tu infinity ss x approaches R (note t h e  integral i s  still 
f i n i c e  Juc t u  t h e  d m p i n g  ac t ion  of t h e  esponeneial in the integrand). 
It is important t o  the analysis used l a t e r  i n  t h i s  report to determine 
how 4 behaves as a function of high  probe energies. \ h e n  t h e  pr imary 
range R is much g r e a t e r  than the secondary range S Equation ( 2 0 )  may 
S' 
b e  approximated as 
because within the i n t e g r a t i o n  ui Equation (8) t h e r e  is very l i t t l e  
contribution t o  t h e  integral from n(s ,Eo)f (s )  for x >\  Ss due to t h e  
a c t i o n  of t h e  exponential p r a b a b i l i t y  Function. Hence 5 is given as 
where exp(-R/X 1 = O f o r  R p >  X as we assumed o r i g i n a l l y .  S S 
Fmer Law ?!ode1 of Emission 
Thc reader should n o t e  that w e  have derived a s i m p l e  r e s u l t  
based on rather simple assumptions. Recent authors (lo, 17 ,  13) who 
have p u b l i s h e d  papers on secondary emission have found, hawever, that 
t h i s  model does  not p r e d i c t  cor tec t lv  che  behavior of a l l  materials. 
X nore general espression f o r  3 is given below as 
where n i s  some r a t i o n a l  number and E is the c r i t i c a l  vol tage  a t  
C 
which 6 = 1 f o r  various maear ia ls .  Lye and Dekker (10) present 
another  model called the power law theory  which predicts the experi- 
xental behavior of S more precisely in t h e  r eg ion  of h i g h  p robe  ener- 
gies. T h i s  correction i s  necessary  for insulators and good for most 
materials, f2hiddingtonts law is modif ied by jnrroducing a genera l ized  
exponent (3 cons tan t  For a spec i f i c  ma te r i a l )  in t h e  primary bean 
energy. Equation (16) i s  now replaced by Equation (24) s t a r e d  below, 
I n t e g r a t i o n  o f  Equation (24) is d isp layed  i n  Equ~rion (25)  where the 
upper limits E and s are free running v a r i a b l e s .  E is the energy the 
primary has l e f t  st sn a r b i t r a r y  d is tance  x wi th in  the  d i e l e c t r i c ,  
The primary Seam energy, as a function of depth,  is given  by the l e f t  
hand s i d e  of Equation (26) which fo l lows  from Equation (25) . 
S e t t i n g  the  l e f t  hand side of  Equation (26) equal t o  zero and so lv ing  
f o r  t h e  primary range it, we f i n d  
which is s i m i l a r  t o  Equation (19) stated e a r l i e r .  
;In integration similar t o  t h a t  carried out in Equation (20) 
-n 
reveals that at h i g h  primary ene rg i e s  d v a r i e s  as E , as s t a t e d  i n  
0 
Equation (23) . 
The previous case, c a l l e d  t h e  power law theory ,  which i s  based 
on an excitation dens l t y  similar t o  the  one shown i n  Equation (20 ) ,  can 
be modified f u r t h e r  in  light: of exper imenta l  r e s u l t s  (25, 26) .  The 
fo l lowing  model assumes n(x,ED) to be c o n s t a n t  as i s  done by Katz,  e t  i l l .  
(1) i n  one of t h e  nodels  used i n  s a t e l l i t e  des ign  s imu la t ions .  ' 
S t r a g g l e  Theory of  Secondary Elec t ron  Emission 
The fol lowing theory  has  been presented  by Lye and Dekker (16) 
and is c a l l e d  the strazgle theory.  The main assumption of this theory  
is  t h a t  t h e  e x c i t a t i o n  d e n s i t y  n(x,E ) is  a cons t an t  up t o  a p o i n t  R, 
0 
where R is given by Equation (28) 
where K, and n are cons t an t s  f o r  v a r i o u s  m a t e r i a l s .  The model is based 
e. 
on t h e  experimental  r e s u l t s  of Young (25, 26) and Kanter (15) whicn 
suggest chat  f o r  primary e n c r g i e s  from 2.5keV t o  lOkeV t h e  e s c i t a t i o n  
dens i ty  n(x,E ) is  constant. This  is equivalent t o  s t a t i n g  t h a t  t h e  
0 
p r h a r y  energy l o s s  r a t e  dE/dx is cons t an t .  Figure 6 shows Young's 
results where he has p l o t t e d  f r a c t i o n  of energy d i s s i p a t e d  versus t h e  
f r a c t i o n  of range covered f o r  A1 O 2 3 '  
The d e r i v a t i v e  of t h e  s t r a i g h t  l i n e  shown is  a constant and t h e s e  
authors (16,  2 5 ,  26) argue t h a t  this implies n(x,Eo) is rhe re fu re  a 
cons t an t .  The basic concept involved is that  t h e  number af primary 
e l e c t r o n s  i n  a beam of fixed initial kinetic energy dec reases  linearly 
with  d i s t a n c e  irlco the surface and becomes ze ro  a t  t h e  primary range R. 
The p r o b a b i l i t y  tha t  a primary e l e c t r o n  will pass through a s o l i d  l a y e r  
i s  g iven  by 
.25 .50 - 7 5  1.0 
Figure 6 .  Fraction of energy disr i1 )a ted  vkrsus fraction of range covered for A l  0 taken from Young. 2 3 
and d e f i w d  t o  be zero f o r  x r R, I n  t he  power law theory  the probabi l -  
ity t h a t  n primary would pass through a s o l i d  l a y e r  was cons t an t  s i n c e  
e l e c t r o n s  t r a v e l e d  the e n t i r e  d i s t a n c e  R. F igure  7 shows t ho  number of 
primary clecerons (No) l e f t  within tile i n i t i a l  pulse at ter  t r a v e l i n g  
J d i s t a n c e  x i irtu t h e  d i a l a s t r i c  f o r  each theory. 
The p r o b a b i l i t y  f u n c t i o n s  p ( s )  and f i x )  arc n o t  the same s ince  
they d e s c r i b e  d i f f e r e n t  processes. Tho f u n c t i o n  f ( x )  models t h e  absorp- 
tion of secondar ies  on t h e i r  way t o  the surface while p(x) is t h e  prob- 
a b i l i t y  t h n t  a primary e lec t ron  has bcsn  s topped at a p a r t i c u l a r  v a l u e  
of x. I c  is assumed in bo th  theo r i e s  that rllc p r o b a b i l i t y  t h n t  a primary 
e lec t ron  has bcea s topped  is  p r o p o r c i o n ~ l  t o  t he  probability that a 
secondary has been geriernred. Iherefore i f  t h e  primary beam is lasing 
,I constant iunovnt of energy (ele~crons) as a f u n c t i o n  of d i s t a n c e  x ,  
then a c o n s t a n t  amount cf generated secondaries per layer ds is i m p l i e d .  
F igu re  8 shows the cumparison uE n(x, Eo) as de f ined  by Equation 
(21) i n  tila "power !.,Iw" case L~IIJ by Equati0~1 (311) w r i t t c t l  below. 
Equat ion (30) is similar i n  form t o  Equat ion (21) s ince  both  of these 
qu~ncicies a r e  convtanrs with respect to x ,  t h e  v a r i a b l e  of i n t e g r a t i o n .  
Once agaLn we integrate  Equation (8) us ing  Equation (30) and 
ehe same p r o b a b i l i t y  func t ion  a s  before. Since R = h,E , c h i s  i s  
, i) 
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Figure 7.  N u m h ~ r  at: ~ s l e c t r o n s  remctini.nl: i n  tilt! i n i t i a l  prim;lrv beam. 
I paver LAW I 
Figure 8. Excitation density as .I fc?c t ion  of d e p t h  f o r  tile straggle 
and puwtlr Law thcor ips. 

of the NASCAP program, The authors essentially changed the probability 
fur~cc ion  (9 )  and introduced a cosid)  term in t h e  argument of the csponen- 
t i a l .  
Figure 9 sI~ows t h e  geometry used in modeling Eqlaacion ( 3 2 ) .  
IT one assumes t h a t  it is the normal component of the r l a c t r o ~ ~  
d e p t h  t h a t  should be used ior the probability cxponontials argument, 
then Equa t ion  (32 )  is rile l o g i c a l  choice,  Two rrfercnccs,  Jonker (21)  
and Bruining (13) have dollc calculations which s t a t e  that 
where A is defined in Equotian ( 2 " t ) .  Even f o r  the stra&lc theory where 
Et. iu3rian (241 is rcplaced by Equation ( 3 4 ) ,  we have 
-1 
where (n+l)X = K,, and Equation ( 3 3 )  is still v a l i d .  
* 
Equation ( 3 5 )  expresses the r ~ t i o  of two separate energy rnilsi- 
mums measurcd a t  rwo separate  angles.  
This equation will be reierrcd t o  l a t e r  when our data is compsrcd t a  
theoret ical  p red ic t ions .  
Fik:urtx 9 .  2romeCrv used t o  aodel o h l i q u e  incidence. 
Katz, C &. (1) integr;ata Equation ( 8 )  in r l lrfr  own l o r n  
and where Equation (32) is the p r o b a b i l i t y  function used be fo re  (19, 21). 
The r e s u l t  of this i n t e g r a t i o n  where ,JE/Jsl is t ~ k e n  JS ;I constant is 
where r !  = Iicosit!)!S and C = ( C . , S . )  jd~/dsl. T h i s  p r e d i c t s  that a t  
k l  3 - b 
11il;il primary enez-gies where Q -.> I, the seconclarv e l e c t r o n  emission co- 
e f f i c i e n t  w i l l  vary as a f u n c t i o n  of  0 as a cons tan t  t imes s e c ( 3 ) .  
Katz, 5 31. (1) make one last modification o f  t he  i n t e g r a l  es- 
pressed by Equation (361 ~ n d  t h i s  is td estimate dE/ds 3s the  f i r s t  two 
terms in a Taylor  series.  
Nu o t h e r  referenced authors used chis model, bu t  they f u s t i f y  the  usagr.: 
of Equation (38) based on energy range data presented i n  the i r  t e x t .  
This model estimated the  primary range as be fo re  where Ii K,E n+l  
- 0  
I n t e g r a t i o n  o f  Equation ( 3 6 )  under these assumpcions yields the 
r e s u l t  s ta ted belaw 
n+l 
where Q = ~cos(O)/X~ and R = KZEo . For high  primary energies t h e  
second term i n  Equation (39) becomes n e g l i g i b l e ,  Therefore for high  
primary e n e r g i e s  the ratio of 6 for two separate angles reduces to 
The equations sta ted  in t h i s  first chapter will be referenced in Chapters 
IV and V where data and theories are compared. 
Summary 
The important fearures of Chapter I a r e  that mathematical models, 
as deve loped  I n  the literature, have been presented s o  t h a t  they w i l l  
be available f o r  comparing theory and experiment. The assumptions in- 
volved in the aathernatical models have been reviewed as they per ta in  t o  
polymers. 
The important equations to keep in mind ara Equations (27) ,  ( 3 7 1 ,  
and ( 4 d ) .  Equation (23) w i l l  b e  used in C h a p t e r  IV in order t o  help 
estimate t he  primary beam charge. Equation (39 )  reduces t o  Equation (37) 
f a r  h i g h  primary energies (E = IkeV) because 4 is p r o p o r r i o c a l  t a  energy 
0 
-2 
and the second term varies as Q . Equation ( 4 0 )  is a f u r t h e r  s i m p l i f i -  
cation of Equation (39) where exp(-Q) has been approximated as zero. 
The term exp {-Q) was estimated to be n e g l i g i b l e  f o r  FEP-Tef lon 
over t h e  range of ang le s  investigated h e r e i n  and t h e r e f o r e  the importance 
of t h e  term i s  not  stressed here. If K, = 350 X/&V as is i nd ica t ed  "1 
+ 
b t z ,  -- e t  ~ 1 .  (1) f o r  TFE-Teflon then f o r  p r i n t ~ r y  enersies of lkeV the 
ratio of R/Xs w i l l  b e  about seven and the exponential term w i l l  b e  
three percent at d = 70". h c  2kcV R/S w i l l  be 21 and t h e  asponential 
S 
term will be equal co three percent: a t  t3 = 80". The ~ n g u l a r  l i m i t  of 
the expcrirnrntal data is about 70°, therefore t h e  effects of thc esponen- 
t i ~ l  term on dncn taken in r h a  range lkrV 1 Eo 1 lOteV were not noticed. 
CHAPTER 11 
EXPERIMENTAL APPARATUS 
Two s e p a r a t e  experimental procedures  were followed i n  the ca l -  
l e c t i o n  of data, F i r s t l y ,  the p o t e n t i a l  field d i s t r i b u t i o n  within the 
e l e c t r o s t a t i c  environment was ob ta ined  from measured e l e c t r o n  tra- 
j e c t o r i e s .  From knowledge of the  f i e l d  d i s  er ibuc ions  it w a s  p o s s i b l e  
t o  conduct 3 second set of experiments  where t h e  primary beam impacted 
the d i e l e c t r i c  s u r f a c e  at s p e c i f i e d  angles o f  i n c l i n a t i o n .  '1 description 
o f  t h e  apparatus used i n  each procedure i s  g iven  below. 
It was necessary  t o  design and f a b r i c a t e  the  e n t i r e  appa ra tus  
using f e w  pre fab r i ca t ed  parts. Each subsystem--probe gun, f l ood  gun, 
s i tpa l  moni tor ing equipment, motor d r i v e  mechanisms, deflection c i r -  
cuitry--had t o  be working as  a separate p a r t  be fo re  any unified esperi- 
ments could be accomplished. The malfunct ion of any p a r t  could render  
an experiment inconclus ive .  
The bas i c  experimental system, as descr ibed  i n  prev ious  r e p o r t s ,  
/ 
( 5 ,  3) is shown i n  Figure II). The d i e l e c t r i c  sample is contained w i t h i n  
a grounded h a l f - c y l i n d r i c a l  s h e l l .  The sample is molmted an s f l a t  
s t a i n l e s s  s t e e l  p l a t fo rm and i t  is covered wi th  s5-mil. sheet of stain- 
less s teel  shim s tock .  A r e c t a n g u l a r  opening in this cover defines the 
area of the  specimen t o  b e  t e s t e d .  d separate d i e l e c ~ r l c  sheet i s o l a t e s  
t h e  meta l ized  backs ide  o f  t h e  FEP sample from t h e  grounded ~ l a t f o m .  
A wire ,  which connects  t h e  specimen t o  t h e  e l e c t r i c a l  monitor ing equip- 
ment, is a t tached  to the specimen backs ide  with s i l ve r - l aced  epoxy. 
The e l e c t r o n  p r o b e  gun and flood gun a r e  firmly nounted t o  t he  
vacuum chamber f l ~ o r  and are  unable t o  move. However, t h e  p la t form may 
FLOOD GUN 
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Figure  10. The specimen,  t h e  chamber where it is mounted, and t h e  two 
elec t ron sources used f o r  charg ing  and probing t h e  
specimen. 
b e  rotated so  t h a t  the  specimen surface may be exposed t o  either gun a t  
normal u r  non-normal incidence. 
Vacuum System 
A l l  system measurements were made w i t h i n  s 45-em diameter stain- 
l ess  steel b e l l  j a r  which is  evacuated by a t u r b o m o l e c u l a r  pump, and a t  
-6 
a pressure below 10 cor r - - the  lower limit of the gauge which was used. 
The vacuum system was run  cont inuous ly  day and n i g h t ,  and i t  w a s  a l s o  
"baked out"  by leaving r ed  hot  tungsten filaments cn at  all t imes which 
aided i n  outgassing af su r faces .  A l l  metals place? in t h e  s y s t e m  were 
cleaned with trichloreqhelene f i r s t ,  methanol second, and lastly acetone, 
and were then baked under a hear lamp to a i d  in outgass ing .  The punp 
was a b l e  to reach t o r r  wi th in  one hour after being a: room pressure, 
y e t  reproducible results were not attained until t h e  system had been  in 
a vacuum for a few days. 
?lotor Drives 
-
The cylinder and mounting plarf~rm are turned with stepper 
motors which have 200 steps per revolution. These  motors are located  
outside t h e  vacuum system. They t u rn  shafts which pass througl~ vacuum 
s e a l s ,  and the  s h a f t s  in turn are caupled t o  the  cylinder and p l a t fo rm 
through spring-tensioned wires stretched over pulleys. T h i s  mechanical 
arrangement provides precise, repeatable positioning of bo th  cylinder 
and p l a t f o r m .  The motors thmselves are driven f r o m  an 11 v o l t  source 
thrdugh a c o n t r o l  system wl~icil  al lows s ingle-s tep  operation or sequen- 
tial s t e p p i n g  a t  four steps/sec in e i e h ~ r  d i r e c t i o n .  Decade counters  
and 7-segment d i sp l ays  monitor t h e  s t epp ing  sequences.  
The platform and c y l i n d e r  may b e  r o t a t e d  independent ly from one 
another .  Thus t h e  p la t form may be  o r i e n t e d  so  t h a t  t h e  probing beam 
approaches the specimen from any ang le .  Then t h e  c y l i n d e r ,  which c a r r i e s  
the  beam d e t e c t o r ,  may b e  ro ta ted s o  t h a t  t h e  beam e x i t  p o s i t i o n  can b e  
determined. A s  t h e  necessary  r o t a t i o n s  a r e  being made, t h e  specimen 
remains i n  a control- led e l e c t r o s t a t i c  environment. The beam may fall 
between d i s c r e t e  p o s i t i o n s  avai lable  t o  t h e  d e t e c t o r  and i f  t h i s  happens, 
a chaage of vo l t age  on the beam d e f l e c t i o n  p l a t e s  can provide  :he s l i g h t  
adjustment  needed t o  c e n t e r  t h e  beam on t h e  d e t e c t o r .  The d e t e c t o r  
on t h e  per iphery  o f  t h e  cylinder moves 0.8 mm/step on t h e  average with  
some observed differences i n  s t e p  sizes being a t t r i b u t e d  t o  t h e  motor 
t o l e r a n c e s .  
Flood Gun 
IIono-energetic elect- ons drawn from s heated tungsten wire  can 
be accelerated toward t he  specimen i n  a broad beam. This  technique 
has  been used before  and i t  has provided more than adequate  c u r r e n t  
d e n s i t y  t o  the specimen surface, chargfng i t  i n  a few seconds t o  po- 
t e n t i a l s  as high as 20kV. h special  feature of t h i s  system is t h a t  t h e  
specimen c&n b e  t i l t e d  r e l a t i v e  t o  t h e  beam d i r e c t i o n  such t h a t  skewed 
charge d i s t r i b u t i o n s  become poss ib l e .  
Charg ing  i s  done when t h e  r o t a t i n g  c y l i n d e r  has its window be- 
tween t h e  flood gun and t h e  specimen. This allows t h e  specimen t o  be  
charged s o  t h a t  a f t e r  t h e  cylinder i s  r o t a t e d  back t o  t h e  o r i g i n a l  po- 
s i t i o n ,  t h e  specimen is contained within a c o n t r o l l e d  electrostatic 
environment. 
Charging of t h e  d i e l e c t r i c  s u r f a c e  is  accomplished by f i r s t  
biasing the flood gun assembly a t  some n e g a t i v e  p o t e n t i a l  and then  in-  
creasing the  tungs ten  filament c u r r e n t  from 0 t o  5 A f o r  a few seconds. 
Accumulated charge  is  monitored w i t h  an e l ec t rome te r  s o  tha t  t h e  operator 
will know when t h e  charging has stopped. The current through t h e  f i l a -  
ment is  then returned t o  zero ,  and l a s t l y  t h e  flood gun assembly is re- 
turned  t o  ground p o t e n t i a l ,  I n  t h i s  procedure t h e  e m i t t i n g  f i l amen t  
must be turned off before t h e  h igh  v o l t a g e  b i a s  is .  
Discharging of  t h e  d i e l e c t r i c  calls for a r e v e r s a l  i n  the  order 
just s t a t e d .  When t h e  s u r f a c e  is being d ischarged ,  che h igh  v o l t a g e  
bias i s  s lowly  (500V/s) turned down t o  z e r o ,  Next t h e  f i lament  c u r r e n t  
is returned t o  zero .  By turning t h e  h i g h  v o l t a g e  power supply down 
s lowly  the  f lood  beam p o c s n t i a l  is  kept  between the  u n i t y  po in t s  on t h e  
secondary emission curve and t h e  specimen loses charge. I.€ t h e  h igh  
v o l t a g e  is turned  down t o o  quick ly ,  t o t a l  discharging might noc o c c u r .  
Cycling of the d i e l e c t r i c  from charging t o  d ischarg ing  and b a c k  
a g a i n  can c r e a t e  d i p o l e  layers of charge witi l in  t h e  d i e l e c t r i c .  .I paper  
w r i t t e n  by Beers,  Zt. (9)  models t h e  e f f e c t  of  bu r i ed  layers w i t h i n  
FEP-Teflon and they found that,  w i t h i n  t h e  region where most secondar ies  
are r e l eased ,  t h e  electric f i e l d  c r e a t e d  by deeply bu r i ed  primary 
e l e c t r o n s  is  small and independent of charg ing  history. Therefore,  
t h e  effects on secondary emission caused by i n t e r n a l  e l e c t r i c  f i e l d s  
generated through d ischarg ing  and charging o f  t h e  d i e l e c t r i c  a r e  ignored.  
It is useful to note that o n l y  those electrons r i g h t  on the surface of 
the dielectric (wi th in  50 2) can be liberated during the discharging 
process. In one cycle, equal amounts of charge are put onto the surface 
and removed, such t h a t  after one c y c l e  t h e  dielectric as a whole is un- 
charged. Yet there is  a p o s i t i v e  layer of charge  on the surface and a 
n e g a t i v e  b u r i e d  l a y e r  i n  the substrate. 
Another aspect of t h e  charging s y s e G  that is  worth mentioning is 
t h a t  an uncharged specimen could be charged by rotating the platform 
from a p o s i t i o n  p a r a l l e l  t o  t h e  flux of electrons t o  a p o s i t i o n  where i t  
was perpendicu la r  t o  the e l e c t r o n  f lux .  This  p r o c e d u r e  a l l ows  the spe- 
cimen t o  be  charged by a non-normal flux of electrons and it also allows 
one t o  d e t e c t  whether  o r  n o t  t h e  p u l l e y  wires had become broken o r  d i s -  
engaged. 
Collimated Electron Beam 
The desired a t t r i b u t e s  of the probing beam are r h a ~  it be mono- 
e n e r g e t i c ,  d e f l e c t a b l e ,  and shaped like a r ibbon  having dimensions of 
0.15 mm x 1 m. The e l e c t r o n s  are drawn from a heated tungsten filament 
and are sufficiently monoenergetic as  long as the  accelerating p o t e n t i a l  
has  low r i p p l e .  Deflection is easily accomplished wi th  t h e  biased 
plates shown in Figure 10. The shaping i s  a more c r i t i c a l  problem 
qQtrons to stream which is approached in this  work by allowing the ele- 
through collimating sl i ts .  This is feasible since'clectrustatic dcfocus- 
ing is not significant a t  the low o p e r a t i n g  c u r r e n t  of i nA. 
It was necessary to bend t h e  probing bean with deflection p l a t e s  
as shown in Figure 10. By r o t a t i n g  the specimen platform and adjusting 
the  dcflcction plarc vol tage  i t  was p o s s i b l e  t o  i n j e c t  rhe primary beam 
into the hemi-cylinder wit11 various angular a t t . i cks ,  F igure  If. shows 
two angles,  a and B ,  whcro is  referred t o  as the ang le  of cylindrical 
fncidcncc and B is referred to as the p r i n ~ a r y  a n g l e  of i n c l i n a t i o n .  A 
third angle. d is de f ined  which i s  t h e  ang le  of incidence t he  primary 
e l e c t r o n  has j u s t  p r i o r  to surface impact. In g e n e r a l ,  ct i s  never aqua1 
t o  0 for charged specimens. 
Angle a could be varied from 0-0 180" w11ile a n g l e  13 could b e  
adjustad about 20'. Appendis A provides the details concerning hca 
the d e f l c c e i o n  Enctor, D, was found f o r  va r ious  primary beam encrgics. 
Def lec t ion  Enctor D has the  u n i t s  of radians p e r  v o l t ,  and when multf-  
p l i e d  by a d c f l e c r i u n  voltngc yields 6, the ~ n g l e  of i n t e r e s t .  One 
fu rc l lu r  angle  is  d e f i n e d  as y ,  which is  the angle chat a r e f l e c t e d  pri- 
mary b c ~ n  has with rpspect t o  the specimen p la t form,  Figure 12 shows 
,I typical rcf lectca  e lectron trajectory f o r  normal incidence (LI = YO0) 
upon a charged specimen where 13 is  p r a c e i c a l l y  i n  the range of 1-50 
mj l l i r a d i n n s .  
I t  was p o s s i b l e  to measure the probe bcnm thiclmcss, a t  t h e  
cylinder e n t r y  po in t  (up f r o n t ) ,  by d e f l e c t i n g  the beam onto two dis- 
c r e t e  detector p o s i t i o n s  separated Ly one s t e p  ( I . S o  o r  0.8 mm). The 
Jiifercncc i n  d e f l e c ~ i o n  vo l t sgcs  between the two discrctc d e t e c t o r  
positions is a mcilsrrrcd quan t i t y  Vdy. h plo t  of the  probe beam c u r r e n t  
as a func t ion  of d e f l e c t i o n  v o l t a g e  is shown in Figu re  13 . L r;Ja dis- 
crete detector positions. The d i f f e r e n c e  in dcf l ec t i~rn  i 
(vdv) is  g iven  as (1' - V.,; A 1 . 
F i 1 . \ n ~ l t %  o i  c v l  i t ~ d r i c ; ~ l  inc  icltwcc. < r  and anb:lc 11 f inclinat i on  
a ' .  
F i g u r e  12. Plot ol' 2 t t vp ica l  r e f l ec ted  t r n j e c t o r v  wilcrc the exit 
. ~ n g l c  y is : ; l~~>wn. 
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F i g u r e  13. Plot of primarp current  s t r i k i n g  the deeec-tor .is ;I 
function u f  deflection voltab:c. 
The difference between V and V o r  Vd and Ve, is defined as a b y  
t h e  e f fec t ive  width of the probe beam, where t h e  c u r r e n t  levels a t  
Va, Vb, V d y  and Vc arc all one half of the n~axhum c u r r e n t s  measured a t  
Vl and V,. Therefore i t  i s  p o s s i b l e  to cst ima:  e the probe beam thick- 
L 
ness by taking tlre ratio of Va - Vb ~ n d  Vdv and multiplying t h i s  r a t i o  
by t he  d i s t a n c e  between the  two drrectur positions (0.8 mm). The r a t i o  
was found t o  be  n constant, one f i f t h ,  wi th  rcspect ta the probe beam 
a c c e l e r a t i o n  voltages w h i l e  the  magnitude of Va, and Vb varied as 
rnax ' 
a Function of the acceleration v o l t a g e .  Thus t h e  approximate probe 
beam thickness was equal co about 0.15 mm. Since t h e  d e t e c t o r  wires 
were 0.12 mm t h i c k ,  there was no reason to reduce elle beam th ickness  
F u r t h e r  b e c a u s e  t he  d e t e c t o r  wire would be unable to sense any g r e a t e r  
r e s o l u t i o n  due t o  i ts  dimensions. 
T l ~ e  same procedure, and c u r r e n t s  versus  voltage p l o t ,  was con- 
ductcd f o r  probe beams c s i t i n g  chc c y l i n d e r .  These experiments and cal- 
c u l ~ r i o n s  revealed that t h e  p robe  beam thickness ;it the exit point  was 
a b o u t  0 . 2  mm ~ n d  tilerefore t he probing ueac s u f f e r e d  little d k ~ z r g u n c e  
i n  its p a t h  through the cylinder. For Jn accelerating p o t e n t i a l  of 10kV, 
'dv was iuund tu b e  450 v o l t s  and Va - V was found t o  ire 90 v o l t s  f o r  b 
t h e  f r o n t s i d e  case, w l ~ i l a  on the  backside Vdy wss appr~ximately YO volts 
and Va - Vb was about 10 volts. These types  of  measurements were e a s i l y  
Pulse C i r c u i t r y  
This feature of the system w a s  not used for potential mapping 
but f o r  deflecting the beam to a r b i t r a r y  p o i n t s  on the d i e l e c t r i c  
su r f ace .  Other r e s e a r c h e r s  (11, 1 7 ,  27 ,  28) have used this pulsed beam 
approach for probing charged and uncharged d i e l e c t r i c s .  Willis and 
- 6 Skinner  ( 1 7 )  had a beam current on 10-'~ Lor a p u l s e  d u r a t i o n  of 10 s 
with  a beam a r e a  of 5 rmn2. Johnson and McKay (27) worked w i t h  1 0 ~ ~ 1 1  
f o r  p u l s e  d u r a t i o n s  of l f 5 s ,  w h i l e  Dabrrrsov (11) used single pulses 
-6 -5 9 
of d e n s i t y  10-~-10-~~/crn~ f o r  10 -10 s w i t h  a beam ares of 1 emL. 
Finally, Whetten and Laponsky (28) used a primary c u r r e n t  of 10-'h f o r  
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several microseccnds wirh o c u r r e n t  densi ty  of 1 d/cm'. Two a u t h o r s  
(11, 27) were us ing  test charges on t h e  order  of 3 pC w h i l e  t h e  o t h e r  
two (17, 28) could measure charges of magnitude pC. The work done 
-3  2 by t h i s  lab was wirh a beam a r e a  of 1.5 x LO cm , a c u r r e n t  s t r e n g t h  
of l ~ - ~ ' - l o - ~ h ,  and p u l s e  w i d t h s  of ~ o - ~ - ~ o - ' s .  In general. we were 
'aaling with charges on t h e  order  of 2 PC. 
F igu re  14 shows the schematic f o r  the pulse c i r c u i t r y  used.  The 
two TTL-7400 nand gates are connected in a set-reset flip-flop conf igura-  
t i o n  where closing s w i t c h  one w i l l  d e l i v e r  a single c h a t t e r  free p u l s e  
as shown i n  F igu re  15. S w ~ r c h  two (reset)  must be pushed in arder t o  
~ l l o r q  m o t h e r  pulse t i r  be craarecl. Basically, the  flip-flop is a re- 
liable debounce c i r c u i t . .  The  RC h i g h  pa s s  filter and first TTL-7404 
inver ter  (1 ) d i f f e r e n t i a t e s  the voltage s h i f t  from Figure 15 and gen- 1' 
srares 3 monostable p u l s e  a s  shown i n  F i g u r e  1 6 .  The p u l s e  w i d t h  is 
controlled by the f i l t e r  time constant and is from lo-' t o  l f 3 s .  
The second TTL-7404 i n v e r t e r  (1,) i n v e r t s  the waveform of Figure 
16 and d r i v e s  t he  base of a h i g h  voleage t r a n s i s t o r  (BV CEO= 150QV) w i t h  
a base c u r r e n t  strung enough to s a t u r a t e  the transistor.  The base cur- 
rent is s u f f i c i e n t  t o  saturate t h e  transistor a t  any v o l t a g e  (V - VL) H 
14 .  Pulse  circuitry. 
Figure 15. i lu tpr l t  of f l i p - f l o p  when S is <lased. 1 
Fi!:urt> I t ? .  l'ht! Llntpuc { I t  inverter 63t l e .  
F i c u r e  1;. ;'he f i i l ~ l  o u t p u t  o i  the  ;-rulae z i r c - u i t r y  3 p p l i e J  L L ~  :!le 
d e i  Le~-t  i cn  places. 
F i g b r e  1 7  shows t h e  f i n a l  waveform app l i ed  t o  t h e  defXe*- .r iu;~  
p l a t e s  when switch one, shown i n  Figure 1 4 ,  is closed. One oi t r le  de- 
f l e c t i o n  plates is grounded w h i l e  the ocher  plate is connected to the 
c o l l e c t o r  of t h l  t r a n s i s t o r  shown i n  F i g u r e  14 .  Note V may be above, 
L 
.. below, o r  a t  ground p o t e n t i a l  as long as VH - VL - BVCEO. 
S i g n a l  ? ioni tor ing  Equipment and System : . ? o > ~  
The charges depos i t ed  and r e l e a s e d  from t h e  specimens were ~ o a i -  
t a red  using two 600B G e i t h l e y  e l e c t r a m e t e r s .  T h i s  data  was r e ~ o r d e l  
permanent ly  u s i n g  a Sanborn 320 strip c h a r t  record47 ... 
In t h e  f i r s t  s e t  of experiments the probin; ;  ':r:i:-IL impacted t h e  
Jetectar w i r e s  f o r  s p e c i f i c  deflection voltages. :,;;I+ magnitdde of t h e  
probing beam cu r ren t  w a s  measured a s  a f u n c t i o n  o f  k,:+lection voltages 
311d t hese  measurenlents were r e c o r d e d  for future reference .  \ h e n  t h e  
probing beam was reflected back t o  the cylinder e x t e r i o r ,  t h e  a n g l e  3 
Csilirwrt i n  F i g u r e  11) could be c o n t r o l l e d  with t h e  deflection v o i t a g e ,  
so t h a t  the  experimental is t .  could a d j u s t  thc volrage t u  a b r a i r ~  t h e  mon- 
i t o r e d  d e t e c t o r  c u r r e n t .  dackgruund current was p r e s e n t  i n  these ex- 
per iments  as i nd i ca t ed  i n  F i g u r e  13 ,  b u t  maximums were e a s i l y  detected 
i f  the J e t e c t ~ r s  were s h i e l d e d  from s t r a y  c u r r e n t s .  
The second set  cf e x p e r i m e n t s ,  which involved s t r i k i n g  the spe- 
cimen g i t h  the pr imary beam, d i d  not r e q u i r e  use of the detection w i r e s  
and t h e r e f o r e  only t h e  specimen charge  was monitored. The changes i n  
surface  charge were recorded permanent ly  f o r  future analysis  u s i n g  t h e  
s t r i p  c h a r t  recorder .  
Noise present i n  the monitored specimen charge was p a r t i a l l y  
f i l t e r e d  o u t  using a simple RC law pass  f i l t e r .  The s i g n a l  was mdch 
n o i s i e r  for a charged specimen than far  n discharged  specimen which in-  
d ica ted  thae c!le o r i g i n  of the noise w a s  not n e c e s s a r i l y  e x t c r n y l  i n  
na tu re ,  b u t  might be  associated w i t h  transient discharges between buried 
l a y e r s  of e l e c t r o n s  and t h e  surface. It was noted that i n  one experiment ,  
after t h e  surface of t h e  d i e l e c t r i c  w a s  bombarded once, the s i g n a l  became 
very noisy. The exac t  n a t u r z  of z:!.: z in t h e  experiment was never  i s o -  
l a t e d  and eluded a comprehensive a n a l y s i s .  The noise presen t  set a 
lower limit on t h e  amount of charge t h a t  could be  de t ec t ed .  It w a s  
p o s s i b l e ,  in a charged s t a t e ,  LO accurate ly  measure (2 10%) at  least 
0 . 5  pC w i t h  g r a t e r  accuracy f o r  l a r g e r  charges. 
Figure 1s shows t h e  ch~ngo i n  t he  su r face  charge f o r  a beam which 
has impacted the  d i e l e c t r i c  surface with a li) m s  p u l s e  of magnit:.,'e 
1.0 pC. The noise is represented  by t h e  small f l u seuae ions  where t h e  
s t ep  func t ion  is the important d a t a  r ep re sen t ing  charge r a l eased  o r  
~ c c u m u l a t e d  by t h e  d i e l e c t r i c  surface .  The slope is a measure of how 
quick ly  t h e  sample was spontaneously discharging. T h i s  n a t u r a l  discharg- 
ing was at a race of 1 pC every few seconds,  inJ  rzpresenred  a l o s s  o f  
0.1:: of the t o t a l  accumulated surface charge dzring a 10 minute esper i -  
ment cycle. In  o t h e r  words, t h i s  d r i i r i n g  ~f the s u r f a c e  charge caused 
no significant leakage of charge (and hence perturbation of assumed 
potentials) during the course  of an experiment. There were three com- 
ponents present  ir. t h e  monitored signal: t h e  noise, the drif r ing ,  and 
t h e  s t e p  func t ion  s i b g a l .  For 3 charged spec iaen  t h e  n o i s e  and d r i f t -  
ing wsre present  and p laced  constraints on the  r e s o l u t i o n  obta ined  i n  
r 1 .  l ' i o t  13f  a t ? p i c a 1  m e ~ s u r e d  ~:!l;lr~t! (Qn' r ) .IS recorded 
b y  t h e  s t r i p  chart recorder .  
measurements while f o r  an uncharged sample t he  no i se  and drifting caused 
no problems. 
rHAPTER 111 
ESTIMATION OF POTENTIAL DISTRIBUTIONS 
Chapter 111 d e s c r i b e s  the mathematical and experimental basis 
used t o  model and measure potential  d i s t r i b u t i o n s  p re sen t  on the  d i -  
e l e c t r i c  surface due  t o  surface charge. The f i r s t  s e c t f o n  deals w i t h  
t h e  mathematical  modeling and assumptions made i n  approximating t h e  sur- 
f a c e  potential. Conformal mapping (7), and DeVogelafre1s method (29) 
of solving second o r d e r  di f ferent ia l  equat ions  are used, along with 
numerical  i n t e g r a t i o n ,  t o  p l o t  e l e c t r o n  t r a j e c t o r i e s  based on assumed 
p o r e n t i a i s .  Real measured t r a j e c t o r i e s  are compared t o  s imula ted  tra- 
jecror.i.e:;, based on assumed p o t e n t i a l s ,  and a b e s t  f i t  of measured and 
simulated traj ecror ies  i n d i c a t e s  which  assumt- l potential  is a bes t  
choice .  
The second s e c t i o n  describes how the experiments were actually 
conducted w h i l e  Appendices B-F d e s c r i b e  the  exac t  step-by-step sequences 
used  i n  r e sa rd ing  data. The second section presents the procedure i n  
a conve r sa t iona l  manner while the data was a c t u a l l y  taken using a 
s t r i c t  s t e p  by s t e p  procedure listed i n  the Appendices.  The f i r s t  sub- 
s e c t i o n  of section two describes how s u r f a c e  potential maximums ( a t  
X = 0) were measured wh i l e  the next  subsection d e s c r i b e s  how trajectories 
were measured and under what c o n s t r a i n t s  the measurements were made. 
llethods Using Conformal )lapping and NumerLcal I n t e g r a t i o n  
A11 I. :ularions are done using a two-dimensional geometry even 
though t h e  system was three-dimensional.  Three-dimensional modeling 
was a t tempted  and abandoned due t o  c a q u t e r  t ime c o s t .  Er ror  i n  two- 
dimensional c a l c u l a t i o n s  has been est imated (30 )  t o  b e  n e g l i g i b l e  i f  
the c y l i n d e r  l eng th  is  2 , 5  t i m e s  t h e  diameter ,  and i f  the specimen l eng th  
i s  equal t o  the cylinder diameter. Thus t h e  s e m i c i r c l e  d i scussed  herein 
i s  a two-dimensional r e p r e s e n t a t i o n  of a three-dimensional problem. 
Robinson (8) d e s c r i b e s  how he used Quoc-Nguyen's ( 7 )  methods for 
c a l c u l a t i n g  t h e  potential and f i e l d s  in uhe ha l f - cy l inde r  e l e c t r o o r a r l c  
reg ion  of interest .  The p o t e n t i a l  and fields were c a l c u l a t e d  by a corn- 
b i n a t i o n  of s coqformal mapping and a n  i n t e g r a t i o n  of a twu-dimensional 
Green 's  i n t e g r a l  ( 7 ,  30). When the one-dimens.ior.cb potential funct ion  
is  m u l t i p l i e d  by t h e  normal d e r i v a t i v e  of t h e  Green's func t ion  eva lua ted  
on a plane, the resulting Eunction may be  i n t e g r a t e d  t o  y i e l d  t h e  pnren- 
rial a t  some po in t  above the  plane. Field components are found by t ak ing  
the g r a d i e n t  of that i n t e g r a l .  P r i o r  t o  the formula t ion  of t h e  integral, 
the half-cylinder must be mapped v i a  conformal mapping into a semi- 
i n f i n i t e  plane. 
Conformal Mapping 
Conformal mapping, i l l u s t r a t e d  i n  F igu re  1 9 ,  acts  upon a semi- 
circle (or  half cylinder) with r a d i u s  ro and w i t h  a specimen width of  
2B0. I f  t h e  r eg ion  w i t h i n  the  semicircle is  described as t h e  \+plane 
(or U + $V), then tile mapping 
Figure 19 .  C u l ~ f o n ~ l a l  mapping of ~ l ~ e  original p l n ~ l e  (U, V) i l l to  ~ l l r  trsosformed p lane  (X, Y). 
cuts t h e  c i r c l e  at 1J a ir and opens it Lnto the upper-half plane dc- 0 
scr ibed  by Z (01 '  X + iY). The t h r e e  points \I = r U y  O y  -1 do no t  
0 
-4 
move bu t  t h e  e d g e s  of t h e  specimen 3t W = - B move t o  neG p o s i t i o n s  a t  
0 
4- 
z = - 8 .  
Wen do is sma l l  compared with ro, then 9 is  approximately given 
b y 2 B  ~ n d  t h e  t r a n s ~ a n n e d  sppcimen i s  then twice as w i d e  as the o r i g i n a l .  
0 
The poten t ia l  of a p o i n t  in the transformed plane  is  the same 
as the  potential of the corresponding p o i n t  in t h e  original plane, b u t  
the f i e l d  components c a l c u l a t e d  i n  the transformed plane must be t rans-  
formed back t o  the o r i g i n a l  plane.  The d e r i v a t i v e  of t h e  conformnl  map- 
ping transformcttfon, 
i s  used t o  transform t h e  f i e l d  components baclc i n t o  the o r i g i n a l  spatial 
plane (U f iV). 
The spacial. e l e c t r i c  f i e l d  components a r e  ~ i v e n  by 
Surface Potential 
I n  t h e  transformed Z plane t h e  p o t e n t i a l  at some po in t  (X,Y) ,  
is equa l  t o  an i n t e g r a l  over the specimen's surface where the  p b t e n t i a l  
on t h e  s u r f a c e  is  Jerined as P t  ( X ) ,  (assumed f o r  each  computer run). 
Tho tranut'ornltld p u e c l ~ t i s l  then is givcn by Equation (45) where 9 is 
j l ~ s t  a dummy variable. 
The surface potential P' (S) is expressed f o r  the Iialf-cylindricnl.  
cast2 ;is .I polynomial in S, the trrrnsfottncd v,lri~bLc, instead of in terms 
o f  U ,  ehe  r ea l  s p a t i a l  coordinate. The s u r f a c e  p o t e n t i a l  i s  
where In is r i n i t e .  Froni knuwn b~rulldaty c i ~ n d i e i o n s  i t  is assunled t h a t  
P 4 ( - U )  I"(l3) = 0 ~ n d  t i l c ~ e ,  t l l e re i~ i rc ,  thc sum a i  t h e  cveu :? s is zero i 
a n ~ i  tllc sun1 d E  rllu odd X s is zero. IT t h e  surface is charged in J i. 
symmetric manner, then the surface po t en t i a l  is nn even kunctiun In  S 
-nd a l l  odd 2 1  Y must be zero. I f  AD 1. is l e s s  t iwn zero  31ld $'P' / d ~ '  is 
p o s i t i v e ,  t h e n  i c  i s  assumed ehac all otlier even X s J re  positive. i 
Thc csp re s s ion  d a s c r i b i n g  chc s u r f ~ c e  pocen t  i ~ l  mav h e  substituted 
into rht. ~ ; L - C ~ L I ' S  in tegra l  so ellat the potential .1t sonrc p o i n t  in t h e  
translormad Z p l ~ n e  becomes 
B-S i ($  + S) d t  
-B-X 
The electric f i e l d  components a r e  determined by taking t h e  nega- 
tive gradient  o f  Equation (47) so t h a t  
where 
and 9 again is j u s t  a dummy variable for inrsgraeion. 
The q u a n t i t i e s  r B ,  the assumed A s, and a point ( X , Y )  ( w i t h  
0 ' i 
J cor responding  s p a t i - 1  coord ina te  point U,V) are s p e c i f i e d  so t h a t  t h e  
f o l l o w i n g  procedure may be implemented to obtain the potential and f i e l d  
components w i t h i n  t h e  e lec t ros ts t ic  environment. It is necessary t o  
evaluate t h e  integrals  in Equations ( 4 5 ) ,  (51), and (52) for some assumed 
coefficient index i. The results are then transformed back t o  the ori- 
ginal semicircle (U + iV) by u s i n g  Equations ( 4 3 )  and ( 4 4 )  and no t ing  
that t h e  potential does not change d u r i n g  t h e  coordina te  transformation. 
It is necessary to simulate electron trsjeccorfcs within t h e  
half-cylindrical region iE an e x p e r i m e n r a l i v t  is t o  h o w  where and with 
what: acrack an electron impacts the d i c f e c t r i c  surface (eltperilrtcnts 
described i n  Chapter IV). The trajectory s imula t ion  r o u t i n e s  are also 
necessary f o r  i n t e r p r e t i n g  measured re f lec ted  t r a j e c t o r i e s ,  The proce-  
d u r e s  j u s t  d e s c r i b e d  y i e l d  electric fields which p rov ide  t h e  ~ c c e l e r a -  
tisns required by t h e  t ra jectory tracing r o u t i n e s  described i n  this 
section. 
The t r a j e c t o r y  tracing routine used was developed by T i l l e y  ( 6 )  
and Robinson (8) based on t h e  method of DeVogelairr (29)  where the 
e l e c t r i c  f i e l d s  derived iron1 c o n . f ~ ~ r m n l  mapping provided the necessary 
e l c c t r a n  a c c e l e r a t i o n s .  D e ~ o g e l a i r e ' s  mcthoti a p p l i e s  t o  second order 
d i f f e r e n t i a l  e q u a t i o n s  w i t h u u t  esplicit f i r s t  derivatives and i s  cor rec t  
to  f o u r t h  order.  The s p a t i ,  . and v e l o c i t y  components must  be  known 
a t  a eime t and 3150 the spatial coordinates must be h o r ~ n  a t  the  eime i 
corresponding t o  a llalf-s tep b e f o r e  r i ' ELeccric f ielJ coliiponcnta are 
evnluareti at these points (X Y . 1  and a new hal f - s tep  is given by i' I 
where S is t h e  transformed c o o r d i n a t e ,  T is t h e  time s t e p ,  V is t h e  
v e l o c i t y ,  E i s  t h e  e l e c t r i c  f i e l d  a t  Xi, Eh is t h e  e l ec t r i c  f i e l d  a t  t h e  
p r i o r  h a l f - s t e p  p o i n t ,  and q is the chargeinass r a ~ i o .  The quantity F 
is u n i t y  (d imens ion less )  f o r  most p a r t i c l e  s t e p s  escept when t h e  s i z e  
of t h e  rime step is changed. After  the  h a l f - s t e p ,  t h e  f i e l d s  ac t h e  
new point are cumpured 3nd t h e  whole step is completed s o  that 
Equations similar to (53) and ( 5 4 )  , ~ p p l y  to the Y coordinates and are 
evaluated simultaneously. After a step is completed, the new velocities 
are e v a l u a t e d  from 
where a similar equation applies to the Y component of velocity. 
The conformal mapping, the Green's integral, and DeVogelairels 
me-hod are h l l  implemented using computer routines and subroutines which 
are described by Robinson id). These routines were also used ro set up 
t h e  ~ x p e r i m a n t s  descr ibed  L.: CIlapcer IV. 
Esperirnental  Procedures  Used Invol.vinp, Reflected Trajectories 
This section describes the experimental procedures  for measuring 
t h e  peak surface potential and e l e c t r o n  beam deflection 'I. The 
f i r s t  subsection describes measurements u f  A for charged samples 3nJ 
0 
the second subsection shows how electron trajectories w e r e  measured and 
analpzed.  
Determination of Surface Potential 
The peak surface potential, defined earlier to be d must first 
0 ' 
be determinwi experimentally before computer  simulations can be Jttempt- 
ed. Ia~en t h e  surface has been charged w i t h  a f l o o d  gun accelera t ion 
voltage cf, for example, V,, the surface charge stabilizes st an 
equilibrium s t a t e  where, for every eleccrc:~ which i m p a c t s  the s u r r a c e  
one is given o f f .  The f l o o d  gun vo l t age  Vf c o r r e s p o n d s  t o  the higher  
of t h e  two u n i t y  emission p o i n t s  in thecurve ,showing J ve r sus  primary 
energy. The o the r  po in t  a t  which a = 1 f o r  polymers is u s u a l l y  20 t o  
SO v o l t s  above t h e  s u r f a c e  p o t e n t i a l  h and r e p r e s e n t s  an  u n s t a b l e  
0 
equili. ,:ium. 
The peak surface potential is expe r imen ta l l y  defined t o  be  the 
lowest p o s s i b l e  primary accelera t ion vo l t age  AU which causes t h e  s l i g h t -  
e s t  p e r t u r b a t i o n  or' s u r f a c e  charge. Thi s  potential Xo may be determined 
exper imenta l ly  by t h e  fo l luwing  procedure .  First, tht -cirnen is  
charged with a knuwn high voltage bias on the flood gl. . .,iernbly Vf. 
S e s t  the rniddle'(~=O) of t h e  specimen is probed w i t 1 1  a ser ies  o f  
tlormally incidenc beams w h i c h  have discrete energy  steps o i  ldeV. 'The 
energy is  increased u n t i l  t h e  moni tored charge i n d i c a t e s  the spacfme* 
h a s  been s t r u c k .  
What is r e fe r red  t o  i n  l i t e r a t u r e  as the c r i t i c a l  voltage V 
C 
(or critical energy E = eV,) is tilt. d i f f e r e n c e  between V ~ n d  ;ILI. 
r3 f 
For a cilarged specimen t h e  c r i t i c a l  energy  i s  defined h e r e i n  t o  b e  
For v o l t a g e s  less than  the peak surface potential it was p o s s i b l e  
to cause discharging of t he  specimm near i t s  e d ~ e s ,  where the surface 
p o t c l l t i a l s  were lower than t h a t  in the  middle.  Case was caken not to 
confuse discharging neJr the edges with  discharging caused by s t r i k i n g  
rhe middle a f  the  specimen. Lt w a s  sufficient t o  s t r i k e  clre specimen 
with J v a r i e t y  of d e f l e c t i o n  v o l t a g e s  t o  i n s u r e  that the  cen te r  potential 
had been measured and nu t  s a m e o t h e r p o t e n t i a l  based an impacting t h e  
s u r f a c e  o f f  cen te r .  Table 1 shows t h e  various peak surface poten- 
t ials A (energies) f o r  d i f f e r e n t  f l ood  beam charging p o t e n t i a l s .  
0 
The f i r s t  column i n  Table 1 displays each flood gun p o t e n t i a l  
used wh i l e  column two r e p r e s e n t s  the measured s u r f a c e  p o t e n t i a l  f o r  
each of t he se  c h a r g i n g  p o t e n t i a l s , s n d c o l u m n  t h r e e  shows the  energy 
s p r e a d  (eV - e A  ) which corresponds t o  the  critical energy  i n  t h e  f 0 
secondary emission curve. Column four shows the  normal e l e c t r i c  f i e l d  
4- 
st  S=O for each case. There is  an experimental e r r o r  of - 20 V asso- 
ciated w i t h  t h e  measurements made i n  columns o n e  and two where column 
th ree  would t h e r e f o r e  have sn error spread  o f  ;:bout 2 $0 V. These re- 
sttlts a r e  c o n s i s t e n t  wi:h those found b?* Quoc-Nqul*.cn (lo), for t he  es- 
timated e l e c t r i c  f i o l d  s t r e n g r h s  i n  these cases. 
Keflected Elec t ron  T r a j e c t o r i e s  
E lec t r an  trajectories were determined exper imenta l ly  based on 
f o u r  known asperirnental q u a n t i t i e s :  t h e  m g l e  3 of c y l i n d r i c a l  i n c i -  
dence ( F i g u r e  11), t he  primarv beam angle  d of i n c l i n a t i o n ,  t h e  primary 
beam i n i t i a l  k i n e t i c  energy E: (on e n t e r i n g  the cylinder), and the e x i t  
P 
angle ! for  t h e  r e f l e c t e d  primary beam. The primary beam energy E P 
and t h e  angle a were easily determined w h i l e  t h e  angle y was found by 
h o k i n g  for the ref lected primary beam with  t h e  d e t e c t o r  wi res .  Angle 
5 was controlled by the  deflection p l a t e  vo l t age .  
For all p o t e n t l a 1  mapping the angle o f  cylindrical inc idence  was 
kept: constant  a t  90° s a  t ha r  the  p r i m a r y  beam could interact  s t r o n g l y  
ct7
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with t h e  p o t e n t i a l  field. The i n i t i a l  prm,lry k i n e t i c  energy E was 
P 
k e p t  a t  about  3keV below the flood beam e n e q v  C ~ n d  was about 80:; of E 
t h e  surface p o t e n t i a l  energy eilo. T9e t h i n  co l l ima ted  e lectron probe 
beam was i n j e c t e d  into t h e  h a l f - c y l i n d r i c a l  e l e c t r c s t s t l c  environment 
with an i n i t i a l  kinetic energy which w a s  too low t o  impact  t he  surface.  
Therefore the electron beam was r e f l e c t e d  back towards  t he  detector 
w i r e s  mounted on t h e  c ircumference of t h e  c y l i n d e r .  The wires were set  
a t  predetermined e s i c  angles (where y = l & h O ,  1 2 6 O ,  108", 90°, 72", 
5 4 ' ,  and 36') and t h e  deflection plate voltage was varied until the re- 
f l e c t e d  primary beam struck a d e t e c t o r  wire. Table 2 shows the ueflec- 
t i u n  volcages corresponding t o  each exit position f o r  il f l o o d  beam po- 
t e n t i a l  of  8kV ~ n d  J probe beam voltage of ikV. The peak surface 
p i ~ t e n t i a l  st S=O was measured t o  b e  6150 v o l t s  f o r  t h i s  case. 
The f i r s t  column shows t h e  exit angle, t h e  second column shows 
t h e  a c t u a l  d e f l e c t i o n  vol tage  required for the beam t o  strike a given 
detector  wire  and the t h i r d  aolurnn is a  r e p e s t  of  soltimn two where t h e  
d e f l e c t i o n  vo l t age  (8.3 volts in t h i s  case) r equ i r ed  t o  r e f l e c t  t h e  
primary beam straight back is s u b t r a c t e d  from JII a c t u a l  Jeflestion 
voltages. It was n o t  necessary t o  c o n s t r u c t  a ~ r n b a  gun which could 
precisely i n j e c t  a p r i m a r y  beam s t r a i g h t  i n t o  che cylinder wi th  a n  
actual d e f l e c t i o n  vo l t age  of zero .  The 3.8  volts in Table 2 r e p r e s e n t  
the correction vo l t age  r e q u i r e d  t o  c e n t e r  the  beam. I r  should be  nate,d 
t h a t  the angle of i n c l i n a t i o n  d i s  zero  when the  deflection vo l tage  is 
8.3 v o l t s  because if ;3 was no t  zero the beam would n o t  r e f l e c t  s c r a i g h r  
back t o  t h e  p o i n t  of origin. The a d j u s t e d  deflection vol tages  r a h u l a t -  
ed i n  column th ree  of Tzble  2 Are m u l t i p l i t d  by t h e  deflection f a c t o r  
J ( O . d O 0 4 3 ~ r ~ i ~ n s i v o l t  f o r  3 5kV beam) and rhe ..in& 2 is  obta ined  
T a b l e  2. In jec t ion  angles, reflected angles ,  and deflection vol tages  
used in p o t e n t i a l  mapping f o r  t h e  case where V = 8kV. E 
B 
Y DV DV - DV (90') (radians) 
in t h i s  manner. Next the t h r e e  known qunntlti 5 ,  a ,  3 ,  and t 5 e  p r i -  
mary energy, a r e  used as inpu t  parameters t o  t h e  z l e c t r o n  t r a c i n g  rou- 
t ines  (8) . D i f f e r e n t  c o e f f i c i e n t s  i n  the polynnrnlal expznsion f o r  t h e  
surface p o t e n t i a l  are assumed and t h e  e x i t  angles  depending on the four 
q u a n t i t i e s  ( a ,  6, primary energy, and c o e f f i c i e n t  choice) are t abu la t ed .  
The final data is presented as a graph where  t he  measured .?xit a n g l e  is 
s u b t r a c t e d  from t h e  ex i t  angle c a l c u l a t e d  us ing  computer s imu la t ions  
and p l o t t e d  on the o r d i n a t e  wh i l e  t h e  measured e x i t  angle is  p l o t t e d  
alone on t h e  abscissa. 
Yumerical Values f o r  Surface P o t e n t i a l s  
Figures 20 through 34 d i s p l a y  rha processed data f o r  a f lood  
beam energy 02 6kV, SkV, lOkV, IZkV, and 14kV,respect ively.  
Equations (56) through (60) summarize how the sur face  p o t e n t i a l  
depends on the  f lood  beam energy and p o s i t i o n .  
The cases where Vf = SkV (A = 6150) and Vf = 12kV (A = 100401, 
0 0 
were used t o  determine how to choose r and 5 i n  order t o  impact the 
specimen a t  t h e  des i r ed  angle a and some point on t h e  surface X. 
Figure 20. Cuinpilrisc~n of rirnula~ ion  and experiment fur rcf lecred ~rajt;cturies  where E f = 6keV. Simula- 
rion error is plotted un c ~ r d i n a t e  w h i l e  abscissa sllows measured exit: angle 1 .  
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Chapter IV prasent ,  resul t s  qh i ch  were generated us ing  the p o t e n t i a l  
func t ions  as described by Equat ions (57) and (591 .  
CHAPTER IV 
MEASUREEIENTS OF SECONDARY EIlISS I O N  
Chapter IV describes how secondary e l e c t r o n  emission experiments 
vere conducted and what criterion was used For i n t e r p r e t i n g  d a t a  and 
convert ing measurements i n t o  a p l o t  of o ve r sus  t h e  primary energy. 
Sect ion one expla ins  how t h e  magnitude of  t he  primary beam charge pack- 
e t  is es t imated .  The f irst  subsec t ion  exp la ins  how t h e  c r i t i c a l  energy 
was determined f o r  an uncharged sample. The second term explains 
how the exponent n, r e f e r r e d  t o  i n  Equation (231, w a s  determined ex- 
per imenta l ly .  Ths l a s t  subsec t ion  i n d i c a t e s  how the  t o t a l  primary 
beam charge was estimated f r o m  t h e  measurements clescrlbed i n  th.3 f i r s t  
t w 3  subset tions. 
Tne second s e c t i o n  d e s c r i b e s  proccdurcs used i n  determining 3 
as a function of primary energy and angle ( 8 ) .  
Est imation of t h e  Primary i3e;lm C h q r ~  
I t  was necessary t o  measure t h e  c r i e i c ; i l  energy f o r  ;in ~rncharged 
s p e c b e n  \E ) i.11 order t o  estimate t h e  m o u n t  13f charge d i r e c t e d  
CO 
3 .  c - !  c Evaluntine the  e p o n p n t :  n ~ 3 s  disc' .~ecessary and 
t h i s  das based on measurements o u t l i n e d  below. The c s l c u l a t i o n  of  the  
p r h r y  impacting charge Q (or eN ) requires the use of Leo and n 
P P 
which are t h e  parameters of  t h e  t h e o r e t i c a l  model and t h e  measurement 
of t h e  charge ind lced  in t h e  substrate of ,he specimen. 
![easuremenr of t he  Critics1 Energy 
One experiment not attempted in t h e  work of Quoc-Nguyen (10) 
was 3 measurement of the critical energy for an uncharged specimen, 
defined he re in  t o  be  E . This measurement was important because the 
CO 
method used t o  estimate the primary charge directed at: t h e  sample de- 
pended an knowledge uf the critical I ergy. 
Large packets  of primary c h , g e  impacted the center of  the un- 
charged specimen with primary energfes i n  the  range of 1.3keV to 1.7kdV. 
The accurnulaced (charging! or released (d ischarg ing)  c h ~ r g e s  were 
monitored and r e c o r d e d  t a k i n g  care not  t o  s t r i k e  the same <Irea twice 
w i t h  the  primary beam. After a s e t  of measurements w a s  made, the  
sampls wcls discharsed and the  same procedure  was r t ,edtc?d t o  i n s u r e  
reproducible results. 
Xt was possible to find a primary energy rnngth where charge 
was neithc accumulated nor released by t.1: spLa.leimsn cven though a 
r e h t i v e l y  lsrgc amalmt of  ctlarge (200 PC) was t s e d  to bombard t he  
s u r f ~ c e .  .It 1.4SkeV t h e  specimen just b ~ r c l v  Jispldyci l  d i s s l ~ . ~ r ~ i  ng 
(0.5 pC released) w h i l e  at I.55keV t he  s~ecimen j u s t  b ~ r c l y  showed 
charging.  Between these voltages no clear seep func t ion  s i g n a l  
could be discerrled due  t o  drifting and no i se  p r e s e n t  i n  the signal. 
Therefore the value of 1.5keV has been assumed Lo r ep re sen t  the  uncharged 
c r i t i c a l  energy. 
Determination of t h e  Exponent n 
The technique used to determine n  in Equation (13)  for FEP- 
Teflon was to measure the amount of charge co l lec ted  by A perfect 
primary absorber  ( the  collector) and compare t h i s  t o  tile amount of 
charge deposited on t h e  uncharged specimen a t  a f i s e d  primary energy. 
The collector was made of stainless s t e e l  shim stock which had been 
roughed up wi th  320 sandpaper and coated wi th  black soor. The collector 
was a rectangular box made with dimensions,  6 m x 12 mm s 1 2  mm, and 
with an ,7pe?ing a t  the t o p  (6 mrn x 12 m plane) where electrons entered .  
The colLector  was mounted wi th in  the cylinder 2 mm from the specimen 
edge a,:?d was electrically connected t o  the external world through well-  
s h i e l d e d  cables and connections. 
It was p o s s i b l e  to pu l se  the  primary beam cnto  the  c o l l e c t o r  
and then onto the specimen f o r  q u a 1  p u l s e  widths and determine J from 
t h e  co lLecreJ  charges,  I t  s h o u l d  be emphasized that  t h i s  method is- 
n o t e s  any charges which might leave che c o l i e c t o r  surface ? it has 
been bombarded. A t  t h e  pr imary energies which were used ,  we assumed 
t h a t  f o r  t h e  c o l l e c t o r  c is very small and the re fo re  negligible. The 
clhargr c o l l e c t e d  by the  collectur i s  de f ined  to be Qc while the  charge 
collected b!: rile s a m p l e  is i lcr ined t o  be i! 'Tl~eso two espctimeneallp 
m ' 
nessur2d qu~ntities can be used t o  estimate .* fL-r h i g h  ener!;iea (Ake!' 
o r  grcaesr) .  
Equlcion (61) w a s  se t  e q ~ a l  to Equat ion ( 2 3 ) ,  and tkc  m l y  un- 
knurm, n, w a s  dere rmi~~ed .  I t  was necessary t o  make this measurement for 
J vdriaty  sf p r i m r y  e n e r g i e s ,  w h i l e  f o r  each rneas1:rement t h e  specimen 
had r a  be d i scharged  td avoid errors which  m i g h t  have been caused by 
~ s c u m u l s t c J  c lurges  depos i ted  du r ing  surface probing.  
The va lue  of n s o  determined was found to depend on the amount cf 
time the system was under vacuum and i t  stabilized at a v a l u e  of from 
0.55 to 0.60 when the system was under vacuum for about five days. 
T h i s  measurement was crFtic.11 and was the basis for modeling t o  follow. 
It was instructive tz note that Matskevich (34) estimated n to be 0.725 
for m o s t  polymers while the data of Willis and Skinner (2) estimates n 
t o  be 0.63 f o r  P.T.F.E.-Teflon, and n = 0.5 for Polyamide (Kapton). 
Therefore the v a l u e  of n for FEP-Teflon (0.6 - 0.55) was found to be 
i n  t h e  same basic range as n found for u t h c r  d i e l e c t r i c  polymers investi- 
gated by o t h e r  researchers. 
T a b l e  3 i s  a l ist  of  t h ~  charge measured by t h e  specimen tJ 
m ' 
the charge measured by the ~.olLector Q w i t h  ~7 and n computed f o r  each 
c * 
separate primary energy. 
Once n was found the  c o l l e c t o r  was removed from the  specimen's 
e l e c t r o s t a r i c  environment and the primary charge Q was fuund us ing  a 
P 
method tiepending d n  knowledge o f  E u, ED, and Qs. The  reason the co * 
cullactor was not rised in a11 experiments was that i r  pe r tu rbed  the 
Calculation of Primary Beam Charge 
This  subscceian explains the merIlod used t o  determine the  mount  
u f  charge present in the primary beam charge packet. With a known value 
of  n  and the t.-e ctf approximations justified in Clzaprcr I, it was 
possible to estimate the mngnitude of the c h a r g e  present  In the  prinary 
Seam pack,-+ def ined  ~s Q . i t  s h o u l d  be  noted riiat dnr t h e  co l i e c to r  
P 
Table 3 .  Charges measured by c o l l e c t o r  Q and specinan $ which y i e l d  
C 
and n 3s a funct ion  of probing enerzv. 
(described i n  the l a s t  subsection) is removed from t h e  system, Q is 
P 
no longer a directly measurab le  quantity. However, can be estimated 
q~ 
by Che procedure out l ined b e l c ~ a .  In essence, C and Qc are t h e  same, 
P 
yet the subscript c means t h a i  this charge (QC) was determined oxperi- 
mentally, whi le  t h e  subscript p emphasizes t h e  f a c t  t h a t  the quantity 
PP 
was no longer  a directly measured (by electrometers? quantity. 
4!3 
i s  de r ived  from measured q u a n t i t i e s ,  b u t  it is  n o t  i t se l f  a s i n g l e  
measurement as Q was. It i s  necessary t o  d e f i n e  s i x  q u a n r i r i e s ,  stated 
C 
below, so t h a t  any c o n f u s i o n  uf  terminology may be avoided. 
%--This measured charge  was obta ined  E r ~ m  a step f u n c t i o n  o u t p u t  
recorded by the s t r i p  chart r e c o r d e r  and was always negative. C& was 
mr~sur&d when tile vrimary bedm was pulsed  onto t h e  uncharged specimen 
w i r i l  a n  energy of at Least 4keV. 
O --This charge was deduced f rom approx imat ions ,  3 knowledge of  
k 
n and EGO. This  q u a n t i t y  is  nor directly measured ae is . Yc 
Q c --This is t h e  charge co l l ec ted  t-vthe collector described in t h e  
previous subsection and is s directly uleasursblr q u a n t i t v  whicl. s h o u l d  
be equal to i? . 
P 
Qn--The amount of negative charge measured by .lr electrometer 
:.hen the surface  o f  s charged  specimen was impacreu. This symbol in- 
dicates  that the previausly charged specimen h a s  been Eurciler charged 
locally by the probe beam. 
4,--This is the m o u n t  of charge  re f lec ted  back f rom t he  un- 
charged specimen when i t  h a s  been struck b v  7 n-imry beam cf energy 
greater  than E (1500 eVI. This is a measure o f  t h e  secondary *-lec- 
CO 
cruns emitted from an uncharged specimen. Qs is n o t  a directly measur- 
Q,--This is t h e  amount of p o s i t i v e  charge measured by t h e  electro- 
meter when the  primary beam impacts t h e  s u r f a c e  of a charged d i e l e c t r i c .  
In  this case  u must exceed one since d ischarg ing  is o c c u r i n g  when t h e  
e l ec t rome te r  measures p o s i t i v e  charges.  It should b e  noted t h a t  posi-  
t i v e  charge  is not  really being depos i t ed  on the s u r f a c e ,  b u t  more 
e lect rons  a r e  leaving  t h e  s u r f a c e  t han  a r e  striking i t ,  which t h e  
e l ec t rome te r  senses a s  a p o s i t i v e  charge.  
By e q u a t i n g  Equation (23) w i t h  Q /Q w e  have a means of express ing  
s P 
Q i n  terms a t  t he  measured q u a n t i t i e s  $, n, E and E ( t h e  pr imary 
P coy 0 
k i n e t i c  energy of impact). Equation (62) expresses  t h i s  equality. 
This equat ion  s ta tes  t ha r  the  secondary charge divided by the  prfm2ry 
c h a r ~ e  is equal  t o  the  t h e o r e t i c a l  (and experimentally verified) r e l a t i o n  
( E ~ ~ / E ~ ) ~  = 5 .  Here i t  is  necessary  t a  s t r e s s  chat  the  elastically and 
i n e l n s t i c a l i y  reflected e l e c t r o n s  have been included axperimenral ly  
i n  Equstiun i b 2 )  though theoretica.l.1y t h e  sy,,lbal 5 i n c l u d e s  only t r u e  
secondary e l a c t r o l ~ s ,  ilowever, t he  d i s t i n c t i o n  between S and 3 is not  
important f o r  Jeternl ining Q . 
P 
The following equa t ion  is based on the l a w  of charge conserva t ion ,  
Equation (63)  sta tes  t h a t  the primary charge aimed a t  t he  specimen sur-  
f ace  must  equal the sum of t h e  measured  charge depos i t ed  on the s u r f a c e  
(Y,) and t h e  amount of charge thar l e f t  t h e  surface (Qs). 
The var iab les  s, , and Qs are all different f u n c t i o n s  of pri- 
mary beam energy.  What is  impor tan t  to n o t e  is  t h a t  $ is  a reliable 
measurable quantity at discrete energies and t h a t  Q can be espressed 
S 
in terms of Q a t  h igh  p r i m a r y  ene rg i e s  as ( E c O / ~  )". RevrLcing 
P 0 
Equation (63)  i n  l i g h t  of t h e  above argument w e  have 
where the o n l y  unknown is C) which may be  solved f o r  directly as 
P 
and where (In, Eco, E D ,  and n are  a11 a s p r r i m e n t a l l y  known quantities, 
Therefore, by measuring the amount of charge (%> d e p o s i t e d  on 
tile uncharged specimen s u r f a c e  at some specific energy Eo, it is possible 
t o  estimate t h e  p r i m a r y  charge to an accuracy which depends on the un- 
certainty of E and n. 
C O  
Perturbation of  Surface Charge ~ i n d  F i e l d s  
dbcaining a va l l~e  f a r  J depended on measuring the quantities 
4, d Q r .  Ic w a s  desrra5le  t o  make g and Q e a s i l y  detectable rela- 
n r 
t ive  ta che noise level y e t  not so high A level as to per tu rb  the 
o r i g i n a l  s u r f a c e  charge density Q . 
0 
Whe;! the specimen surface was charged with tkbe f l ood  gun t h e  
t o t a l  ~ccumulated negative charge was measured for each experimenr. 
Tabla 4 t a b u l ~ t e s  the f l ood  gun energy, Ef, the total surface charge 
Table  4 .  Values of t o t a l  surface charge, surface charge density and 
loca l  charge. 
Qt, the  average surface charge d e n s i t y ,  QO, and the aaount of  surface 
charge present over t h e  area of t h e  probing beam Q f o r  t h e  two cases 
a' 
s t u d i e d  . 
Q i s  found by dividing the to ta l  surface charge by t h e  s - r r f a c e  0 
2 a r e a  of t he  specimo~l ( 3 . 2  cm ) and Qa i s  found by muicip1.ying QO by t h e  
area of t h e  probing beam (1.5 x 10-~crn). 
In all ex,wrlnienrs Q and Q were kept  w i t h i n  2:; of (31 s o  that 
n r 
the  Localized surfa.:2 charge d e n s i t y  was n o t  perturbed greatly by t h e  
probing beam. For obliquely i n c i d e n t  probing beams t h e  a r e a  of impac t  
would b e  s ? r e a d  and thus Qa would be larger. The beam s p r e a d i n g  pro-  
vided less p e r t u r b a t i o n  of surface charge  y e c  then  the surface p o t e n t i a l  
sometimes va r i ed  over the area of impact. Thus t he  beam s p r e a d i n g  had 
good and bad a s p e c t s .  
The primary beam c u r r e n t  based on typical experimental values  is 
given by 
where I is t h e  beam c u r r e n t ,  is  ehe test c h a r ~ e  and t is the  p u l s e  
Q~ P 
width of the  probe beam, Thi s  c u r r e n t  does n o t  p e r t u r b  the  electro- 
static f i e l d s  significantly andsuch p e r t u r b a t i o n =  are ignored. 
Pr-cedures Used to Heasure o as a Funct ion of Angle 
The f o l l o w h g  subsec t ions  d e s c r i b e  t h e  experimental p r o c e d u r e s  
implemented i n  gathering da ta  used t o  calculate the secondary e l e c t r o n  
emission c o e f f i c i e n t  LT as a f u n c t i o n  of primary energy and a n g l e  of in- 
cidence 3. The f i r s t  subsec t ion  d a s c r i b e s  how measurements were taken 
f o r  normally i n c i d e n t  e l e c t r o n s  ( 0  = 0"). The second subsec t ion  ex- 
p l a i n s  what mod i f i ca t ions  were used t o  record data for ob l ique ly  incident 
e l e c t r o n s , a n d s e c t i o n  t h r e e  p r e s e n t s  a d  d i s c u s s e s  t h e  r e s u l t s  f o r  each 
case. 
Measurement of u f o r  Normal Inc ideace  
F i r s t ,  it was necessary  t o  impact t he  uncharged specimen w i t h  a 
beam of some fixed primary energy. From t h a t  t h e  amcant of primary 
charge was c a l c u l a t e d  f o r  some s p e c i f i c  energy E. Next, t h e  specimen 
s u r f a c e  w a s  charged up t o  a desired p o t e n t i a l  by fo l lawing  t h e  procedures  
o u t l i n e d  i n  Chapter I1 and t a b u l a t e d  i n  t h e  Appendices. The cylinder 
was r o t a t e d  t o  a p o s i t i o n  where t h e  window which permits charging w a s  
underneath the pla t form.  The high v c l t a g e  VH on the pu l se  c i r c u i t r y  
was selected and t h e  probe  beam w a s  turned on, 
It was necessary  i n  these  experiments t o  know a t  what v o l t a g e  t o  
set: V so  t h a t  t h e  primary team would impact t h e  surface at X = 0. L 
For normal incidence t h i s  was no t  d i f f i c u l t  since the r e f l e c t e d  txa jec-  
t o r i e s  referred t o  i n  Chapter 11 i n d i c a t e d  what d e f l e c t i o n  voltage 
would f o r c e  t h e  primary beam t o  impact the center of the specimen. The 
s u r f a c e  of t h e  d i e l e c t r i c  was impacted a l l  across its su r f ace  r ?  i n s u r e  
reasonable  r e s u l t s  and a l s o  t o  i n v e s t i g a t e  how t h e  s u r f a c e  porentiai 
v a r i e d  a s  a func t ion  of pos i t i on .  Therefore  a measurement of charge  
(Q, o r  \) was recorded  corresponding LO t h e  same primary energy used 
t o  impact t h ~  uncharged su r f ace .  If t h e  surface accumuleted a negative 
charge, t hen  the  e q s a t i o n  usad t o  c a l c u l a t e  0 is g iven  by 
Here Qn is  t h e  accumulated nega t ive  charge  measured by the e l ec t rome te r  
and Q is  as p rev ious ly  def ined .  
P 
I f  t h e  surface of t h e  d i e l e c t r i c  r e l e a s e s  charge  on impact then 
t h e  equa t ion  used t o  c a l c u l a t e  a is  
where Qr i s  t h e  p o s i t i v e  released charge measured by t h e  e l ec t rome te r .  
Therefore measurements were made i n  t h e  above mentioned procedure and a 
va lue  of u could be found f o r  any a r b i t r a r y  f lood  gun p o t e n t i a l  and 
probe beam p ~ i e n t i a l  up t o  19kV, which was eha ope ra t ing  l i m i t  of our 
experimental  system. 
Measurement of a f o r  Oblique Inc idence  
The same basic procedure was f r  ,lo~.t:.< F c  tne oblique1.y i n c i d e n t  
ca se  as t h e  normally i n c i d e n t  case, except t h a t  the c y l i n d r i c a l  ang le  
of incidence, a ,  bad t o  b e  chosen p rope r ly  s o  t h a t  the probing beam 
would impact  the  s u r f a c e  a t  v a r i o u s  angles of inc idence  8 .  ' It was 
necessary  t o  use  r e v e r s e  t r a j e c t o r y  computer s imu la t ions ,  which would 
s t a r t  a particle a t  X = 0 w i t h  the desired a n g l e  of impact (23" or 
45") and which would t r a c e  a pa th  out  of t h z  system f o r  a s p e c i f i c  
impact; energy. 
The exi: a n g l e  of the reverse t r a j e c t o r y  would then  b e  used t o  
exper imenta l ly  i n j e c t  t h e  probing beam i n t o  the  system w i t h  the r i g h t  
c y l i n d r i c a l  ang le  of i nc idence ,  a ,  t o  o b t a i n  t h e  desired f i n a l  impact 
a n g l e  8 .  Table 5 shows the angles of c y l i n d r i c a l  i nc idence  a 
Table  5. Table  of cylindrical angles of incidence and inclination 
angles for the oblique incidence experiments. 
E 
P Eo 
(keV) (keV) 
6 .4  .25 
6 . 6  .45 
7.2 .95 
7.6 1.45 
8.0 1.85 
8 . 2  2.05 
8 . 5  2.35 
9.0 2.85 
9.5 3.85 
30.0 3.85 
11.0 7.85 
t 12.0 5.85 
13.0 6.85 
14.0 7.85 
15,O 8 . 8 5  
16.0 9.85 
Motor 
Setting 
(degrees) 
18.0 
21.6 
28.8 
32.4 
34.2 
- 
8 
90' -. a 
(degrees) 
18.0 
22.5 
29.5  
32.5 
3 4 . 3  
0 
90' - u 
(degrees) 
9 .3  
11.6 
15.0 
16.4 
= 45" at X = 0 
I3 
(rnilliradians) 
6.0 
7.5 
10.0 
11.0 
11.5 
35.0 
35.9 
37.1 
38.1 
38.8 
39.9 
40.7 
41.3 
41.7 
42 .1  
42.5 
= 2 3 " a t & =  
B 
3 . 2  
4.0 
5.1 
5 - 4  
11.5 
11.5 
11.5 
11.0 
10.8 
10.3 
9.8 
9.3  
8.7 
8.2 
7.8 
0
MD 
(degrees) 
9.0 
10,8 
14.4 
16.2 
I 5 . 6  
5 . 5  
5 . 6  
5 . 6  
5.4 
5.2 
4.9 
4.5 
4 . 4  
4.0 
3 . 8  
3 . 7  
3 4 . 2  
36.0 
3 7 . 8  
37.8 
39.6 
39.6 
41.4 
41.4  
41.4 
41.4 
43.2 
18.0 
18.0 
18.0 
18.0 
19.8 
19.8 
19.8 
19.8 
19.8 
21.6 
21.6 
21.6 
17.6 
18.1 
?,a. 6 
19.1 
19.5 
20.0 
-2 0 . 3  
20.6 
20.8 
21.1 
21.4 
computed f o r  the various s p e c i f i e d  impact energies ae r equ i r ed  by a 
6 surface p o t e n t i a l  measured t o  b e  V(X) = 6150[1 - (X/B) v o l t s .  This  
is the c a s e  for an 8keV f l o o d  beam energy where the peak p o t e n t i a l  
a t  X = 0 is 6150 volts .  Column one represents the probing beam 
e n e r g i e s  ussd and column two i n d i c a t e s  the difference between probing 
beam p o t e n t f a l  and peak s u r f a c e  p o t e n t i a l .  Columns t h r e e ,  ;our, and 
f i v e  a r e  f o r  t h e  case where t h e  probing beam impacts t h e  specimen a t  
X = 0 with  an i n c i d e n c e  of 45'. 
Column t h r e e  tabulates t h e  off-center a n g l e  a t  which the  probing 
beam w i l l  e n t e r  t h e  c y l i n d e r .  The angles tabulated i n  column three 
are  not a,  the c y l i n d r i c a l  angle of i nc idence ,  bur  90' - a. This  
was done so that the reader can see how 90" - u approaches 0 as t h e  
p r i m a r y  energy is increased. Column f o u r  t a b u l a t e s  3 ,  t h e  angle of 
i n c l i n a t i o n  ( in  m i l l i r a d i a n s ) ,  which must b e  used i n  order to  s t r i k e  
the specimen at  X = 0. Column five d i s p l a y s  the  d i sc re te  motor d r i v e  
positions which were used t o  i n j e c t  t h e  probing beam since the exac t  
values i n  column t h r e e  could not b e  r e a l i z e d  due t o  t h e  fact t h a t  
the platform could o n l y  be moved i n  increments of 1.3" per step. 
Columns s ix ,  seven, and e i g h t  a r e  a r e p e a t  of columns three, four, 
and f i v e  except  t h a t  they are f o r  t h e  ca se  where 0 = 23' at X = 0, 
A s h i l a z  set  of angles were used t o  conduct experiments where t h e  
4 
surface p o t e n t i a l  was equa l  t o  10040(1 - (x/B) )V but t h e s e  f i g u r e s  
are excluded from t h i s  r e p o r t .  
fn order t o  conduct an ob l ique  incidence experiment it was 
first necessary t o  a i m  the probing beam a t  the p la t fo rm wi th  the 
correct c y l i n d r i c a l  angle ..i' inc idence  a ,  and then  p u l s e  the probing 
beam onto t h e  specimen. A wide range of deflection v o l t a g e s  (VL) 
were used i n  order to  impact the s u r f a c e  of t h e  specimen f rom X = 0 
to  the edge of the specimen. The released charges, (4 would increase 
g r a d u a l l y  wit11 distance to  a maximum and then f a l l  off s h a r p l y  a s  the 
edge of t h e  specimen was approached. 
The absc i s sa  on Figure 25 shows the X coord ina t e ,  t h e  d e f l e c t i o n  
v o l t a g e ,  and the ang le  of inc idence  associated with a 9,5kV probe 
6 beam and a surface p o t e n t i a l  where V(X) = 6150(1 - (X/B) ). The ang le  
of incidence, 8 ,  and t h e  v a l u e s  of X &re obtained from computer 
s imu la t ions  as desc r ibed  by Robinson (8).  The s imu la t ions  use t h e  
two entry  ~nglcs a and 13 (dependent on deflection v o l t a g e ) ,  and gen- 
ersce X a9d Q as a functfon of a and 8. Next the value of o obtained 
for normal incidence a t  t h e  primary energy of 9.5keV (0 = 0.70) is 
divided by cos(9) and this is  shown as a s o l i d  curve i n  Figure 25. 
The o r d i n a t e  shows the value  of a ,  as  a function of  tiieory ( s o l i d  
l i n e ) ,  and experimental data ( c i r c l e s ) ,  whi le  a l so  showing the normal- 
i z e d  s u r f a c e  po tenc ia l .  
I n  t h e  construction of  F igure  25 it was necessary t o  adjust  
all of the  d a t a  points by 0.2 mm t o  the l e f t .  Th i s  was necejsary 
since there was a slight mechanical misalignment of the probe  gdn 
r e l a t ive  t o  che c y l i n d e r .  F igure  25 w a s  constructed by l a t e r a l l y  
s h i f t i n g  a l l  of t h e  original data p o i n t s  by the  same 9.:. nt. 
Table 6 lists va lues  of X, 8 ,  V (X) , s e c ( 0 ) ,  the :f:ec~'etical 
v a l u e  of a and the experimental value of u for the  case  shown i n  
Figure 25. 
< < 
The drop i n  the s u r f a c e  potent ia l  i n  the  region 2 m - X - 
3 mm is  the reason  why t h e  theoretical curve shown in Figure 25 
Pipure  25. Comparison oC experimental JaLa v i t l i  tltcary f o r .  E = 9.5keV and tl(X=O) = 45 ' .  Trajectory 
pararoel~rs  arc indicated on tile a l ~ i c i u s a .  P 
Table 6. List of impact parameters f o r  Figure 25 where beam energy 
is 9.5keV and peak surface potential is 6.15kV. 
8 1 a u 
- 
X (degrees) V (XI cos0 theory experiment 
- ,46  4 9 . 0  6150 1 .53  1.10 1.00 
-1.10 55.3 6150 1.76 1.27 1.23 
-1 .34  59 .4  6150 1 .96  1.41 1.35 
-1.60 63.1 6150 2.20 1.58 1.52 
-2.23 7 2 . 6  5400 3 .34  2 . 0 0  2.10 
- 2 . 5 5  7 7 . 3  4300 4.45 2.40 1.50 
flattens out. The impact energy Eo i n  t h i s  region is equal to  E - 
P 
6 eA (1 - (X/B) ) and increases with X .  The secondary emission co- 
o 
e f f i c i e n t  may b e  approximated by Equation (23) wher. u = ( E = / E ~ ) ~  ox 
by extrapolating between the d a t a  points for normal incidence. The 
theoretical curve is obtained by finding u a t  various values of X 
(2 mm to 3 mm) and dividing t h i s  value by cos(0) for each X. In the 
< < 
region where 2 . 4  mm - X - 2 . 9  mrn, changes in  the two factors offset 
one another. 
The agreement b e t w e e n  experimental data and theory .:s good up 
to 2 mm but heyond t h i s  the d a t a  and theory diverge. One reason 
why the data and theory might diverge at  X = 2.2 arm i s  thar the probing 
beam is  impacting a t  about 72' and the e f f e c t i v e  impact width  i s  
0.5 mm. A t  7 7 "  the effective w i d t h  is 0 . 7  mm which implies thar the 
assumptions used to create the theoretical curve are in question. 
The computer trajectory tracing routines are for primary beams which 
are of inf ini tes imal  width and this does n o t  e f f e c t i v e l y  model the 
real electron beam at high angles of incidence. 
Another possible explanation for the divergence i s  that i n  the 
< < 
region 2 . 2  mm - X - 3.0  rnm the tangential  f i e l d s  are at l eas t  as strong 
as t h e  normal fields. In general the magnitude of  the f i e l d s  n e m  
the edge are greater than near the center of the specimen. 
Figure 26 shows a similar set of data points with a probing 
beam energy of 7.2keV and an angular attack of 45' at X = 0. It 
was necessary to adjust the data po in t s  t o  the left by 0.1 m. Table 
7 shows X ,  0 ,  V(X), sec(B), the theoretical value of D and the exper- 
imental value of c for  t h e  parameters indicated by Figure 26.  
F i g u r e  26. Comparison of experimen.ta1 data w i t h  theory f u r  E = 7.2keV and B ( X = O )  - 451. Trajectory 
parameters are i n d i c a t e d  on the abscissa .  P 
Table 7. Table of impact parameters for Figure 26 where beam energy 
is 7,ZkeV and surface potential is 6,15kV. 
x 9 v (XI 1 U Q 
(mm) (degrees) (volts) cos0 theory experiment 
The agreement between theory and experiment i s  good u p  t o  
ang le s  of inc idence  approaching 56'. For larger angles the agreement 
is poor. Tangen t i a l  e l e c t r i c  f i e l d s  i n  the region o f  impact are a t  
most 20% of ,.:he normal F i e lds ,  t h e r e f o r e  it  is unlikely t h a t  t h e  
tangential f i e l d s  are t h e  cause  of t he  disagreement. It is  l i k e l y  
that  t h e  spreading of t h e  beam is  the reason t h e  agreement i s  poor 
f o r  d > 56r'. Computer s imu la t ions  i n d i c a t e  that t h e  probing beam 
w i l l  b e  unable t o  impact t h e  surface for X > 1.45 mm f o r  t h e  a and 
B used. A s  t h e  probing beam approaches t h e  s p e c h e n  i n  t h e  range 
0.7 rmn < X < 1.45 mm, f o r  large angles of i nc idence ,  p a r t  of t h e  beam 
s t r i k e s  t h e  s u r f a c e  while part of i t  r e f l e c t s  away, This i s  one pos- 
s i b l e  explanation for t h e  d ivergence  of exper imenta l  d a t a  and t h e o r e t i -  
c a l  models. 
Figure  27 shows d a t a  f o r  a primary beam energy of 7.2keV and an  
impact angle of  23' at X = 0. The data p o i n t s  were s h i f t e d  0.3 mm 
t o  the  l e f t  due t o  beam alignment problems. Table  8 l i s t s  X, 8 ,  V ( X ) ,  
s e c ( 8 ) ,  t h e  t h e o r e t i c a l  value of t ~ ,  and t h e  exper imenta l  value of a. 
No f l a t t e n i n g  of t h e  theoretical curve i s  sho-m ( con t r a ry  t o  F i g u r e  
26) because t h e  drop i n  s u r f a c e  p o t e n t i a l  is  n o t  significant i n  t h e  
region where the t h e o r e t i c a l  curve is shown. 
In,  t h e  r eg ion  where 0 mm < X < 1 .5  mm t h e  agreement between 
theory and experiment is  adequate y e t  beyond t h i s  region t h e  measured 
d a t a  does not  ag ree  with t h e o r e t i c a l  p r e d i c t i o n s .  Once again beam 
spreading  and t a n g e n t i a l  e l e c t r i c  fields could b e  the source  of d i -  
vergence. It appears  a s  if a had s a t u r a t e d  a t  t h e  va lue  of 2.5 and 
remained cons tan t  r e g a r d l e s s  of t h e  angular  dependence. I n  a11  
Figure 27. Comparison of experime~lrcal data with theory £01 E = 7.2keV and B(X=O) = 23". Trajectory 
parameters are i n d i c a t e d  on abscissa. P 
Table 8. Table of impact parameters for Figure 27 where 8 = 23" 
at  X=O and E = 7.2keV. 
P 
-. 
x e V (XI 1 Q Q 
- (m) (degrees ) (volts)  cos0 theory experimental 
emission experiments for a s u r f a c e  p o t e n t i a l  where V(X) = 6150(1 - 
6 (X/B) ) t h e  emission c o e f f i c i e n t  never exceeded 2.6 r e g a r d l e s s  of 8 .  
It is improbable t h a t  t h e  term exp(-Q), a s  i t  appears  i n  Equa- 
t i o n  (37), is t h e  cause of t h e  d iscrepancy .  From rangc  data taken from 
Katz,  et  al, (I), f o r  polymers e i m i l a r  t o  FEP-Teflon (Kapton, PTFE- 
--
Teflon), an  e s t ima te  of R i s  found t o  be 350 2 at: a primary energy of 
lkeV (the present  c a s e ) .  We have assumed K p  = 350 i/kr;.j in Equation 
(:8) and Lhae n = 0.58. If Xs = 50 x, a t  worse case ,  then R/Xs = 7 
and the c o r r e c t i o n  term becorned n e g l i g i b l e  f o r  angles less than  65' 
f o r  Eo = 1keV. Fo; t h e  ca se  shown i n  Figurn_ 25 where Eo = 3.3keV, 
RIXS = 45 and t h e  exponen t i a l  tern i s  equa l  t o  0.001 a t  80'. It 
i s  probable  t h a t  t h e  exponent ia l  term i s  n o t  t h e  reason  for the diver-  
gcnce of  theory and data for Figures  25, 26 ,  and 27. 
Figure  28 p r e s e n t s  d a t a  an.d t r a j e c t o r y  parameters  f e r  t h e  ca se  
6 
where V(X) = 6150:l - (X/B) I ,  E = 13keV, u(OO) = 0.48, and 8 = 23' 
P 
at X = 0, Any l a t e r a l  s h i f t i n g  of the data p o i n t s  was unnecessary. I 
Table 9 lists values of X, 0,  V(X) , sec(9),  the theoretical and ex- 
per imenta l  va lues  f o r .  o . A t  the h igh  energy of 13keV t h e r e  was 
l i t t l e  d e v i a t i o n  of experjment f r o d  theory  over t h e  range from 23' t o  
38'. The data p o i n t s  r o s e  monotomically as the edge of the specimen 
was approached and d i d  n c t  follow the t h e o r e t i c a l  p r e d i c t i o n s .  
The reason t h a t  the c h e o r e t i ~ a l  curve i n  Figure 28 starts t o  
drop off i n  the  r e g i o n  2 mm X 5 3 m is  t h a t  t h e  s u r f a c e  p o t e n t i a l  
is dropping o f f  i n  the region and therefore the  secondary emission 
coef f ic ien t  ( f a r  8 = 0') i s  a l s o  d e c r e a s i r g .  .'he secondary emission 
< < 
coefficient (for 8=  0") i n  t h e  region 2 mm - X - 3 mm i s  appro:;imaced 
6 by Equat ion 23 where is = ( E ~ / E * ) ~  and where Eo = E - eAo(l  - X/B) ) 
P 
Figu re  28. Comparison of experimental data w i t 1 1  theury for E = I3.OkeV and 6(X=Q) = 23". Trajectory 
parameters are i n d i c a t e d  on the abscissa. P 
Table 9, Table  of impact parameters for Figure 28 where 8 = 23' 
at X-0 and E - 7,ZkeV. 
P 
X 0 v (XI 1 u u 
- 
(mm> (degrees) (volts) cos e theory experiment 
3 .03  4 9 1730 1.52 0 .52  none 
i s  t h e  impact  energy. As the surface potential  falls, Eo increases 
which causes t h e  dec rease  i n  a over t h e  region 2 mm 5 X 3 mm. The 
t h e o r e t i c a l  curve shows that a is  dec reas ing  more r a p i d l y  than  cos0 
is decreasing and t h e r e f o r e  t h e  t h e o r e t i c a l  value of u decreases ,  
The beam does  not s u f f e r  much spreading a t  47' and this effect, pre- 
sent in other experiments ,  is not  t h e  reason for t h e  deviation of  
experimental d a t a  from the theoretical model o u t l i n e d ,  In  the re- 
gion of disagreement it is possible t h a t  t a n g e n t i a l  e l e c t r i c  f i e l d s  
are the  reason t h a t  the experimental value of a exceeds the theoreti- 
cal value. It is  i n t e r e s t i n g  t o  no te  that in Figure 28 the experi- 
mental v a l u e  of u exceeds t h e  t h e o r e t i c a l  value rather than the 
opposite as appears  in Figu re s  25, 26, and 27. It is p o s s i b l e  t h a t  
for a < 1 s t r o n g  electric f ields a t  t h e  dielectric metal in te r f iace  
enhance secondary emission above t h e  predicted t h e o r e t i c a l  values, 
Grazing Inc idence  Measurements 
The experimental.  r e s u l t s  appear ing  i n  t h i s  section were ob- 
ta ined  by probing t h e  specimen near one of t h e  edges a t  angles of 
inc idence  i n  t h e  range of 45" t o  75a, The experiments  were conducted 
i n  the  same manner as the experiment used t o  find a Eor the case shown 
i n  F igure  25. The specimen s u r f a c e  was probed with t h e  primary beam 
from the c e n t e r  to the edge of t he  specimen or to a point  where no 
further signals were d e t e c t e d .  A max;lmum experimental u was obta ined  
from each experimene as is  indicated by ehe h ighes t  circle i n  each of 
F igures  25, 26, 2 7 ,  and 25. Figure  29 summarizes t h e  results obta ined  
i n  this manner. 
Figure 29. P l o ~  of omax f o r  grazing incidence experiments where tile abscissa reprssencs E A . Tile 
6 
surface potent ia l  for t h i s  case w a s  V(X) = 6150(1 - (x/B) ) and Ef = 8keV. P 0 
The va lue  of u f o r  normal i nc idence  is i n d i c a t e d  i n  Figure 29 
by t h e  circles. Data points  marked with  a t r i a n g l e  are va lues  o f  
u for those sets of trajectories which correspond t o  23' i nc idence  
wax 
a t  the center of t h e  specimen. Data p o i n t s  marked w i t h  a square are 
values of 0 for the cases where t h e  t r a j e c t o r i e s  impacted the c e n t e r  
max 
of t h e  specimen wirh an  angle  of 45'. In general each data p o i n t  has 
a different ang le  of incidence 0. I n  t h e  range of pr imary energies 
from 9keV t o  lGkeV data points marked with squares  a r e  w i t h i n  f 12' 
of 0 = 70D and those marked w i t h  t r i a n g l e s  are e s t ima ted  t o  b e  w i t h i n  
f 10' of 45' .  J u a t i f i c n e i ~ n  f o r  these l i m i t s  is provided in t h e  
f o l l o w i n g  t e s ~  . 
The a b s c i s s a  represents t h e  difference between t h e  probing 
energy E and the  peak surface p o t e n t i a l  energy a, while amax i s  
P 
indicated on t h e  o r d i n a t e .  The lowes t  s o l i d  curve is  drawn through 
t h e  normal inc idence  d a t a  while the upper  three s o l i d  cu rves  a r e  ob- 
t a i n e d  by d iv id ing  t h e  v a l u e s  of a at  normal i nc idence  by t h e  c o s i n e s  
of 45" ,  6 0 ° ,  and 70: r e s p e c t i v e l y .  Table 10 shows the values of E 
P ' 
Eo ' 
\, Qr. Up, and Q for each case  p l o t t e d  i n  F igure  29. A blank 
space i n  the table means no darn  was taken for t h e  p o s i t i o n  ind ica t ed  
by that r o w  and column, Columns three, four, E i v ~  and s i x  are f o r  
t h e  normal incidence case ;  columns seven, e i g h t ,  n ine ,  and t e n  are 
for the p o i n t s  marked w i t h  e r i ang1es ; and  columns eleven, twelve, 
t h i r t e e n ,  and Fourteen are for t he  data p o i n t s  marked with squares .  
The charges  are i n  pC and t h e  energies  are i n  keV. 
It i s  necessary t o  e s t ima te  t h e  a n g l e  of i nc idence  of  a l l  
data points shown i n  Figure  29 as a t r i a n g l e  or square. The angles 
of i nc idence  f o r  the eight data p o i n t s  (d  # O) shown below the value 
Table 10. Values of Ep,  Eo, $, Qr, Q and u for a surface potential 
P6 
where V(X) = 6150[(1 - (X/B)  1. 
of E - 9keV (or E - eAo = 3.85keV) were estimated t o  be about  80' P P 
y e t  no a t tempt  is  made t o  compare these d a t a  points t o  a t h e o r e t i c a l  
model. 
Table  11 shows the s imula ted  angle of inc idence  for primary 
beam energies ranging from 9keV to I6keV for the data points  a s s o c i a t e d  
with squares .  Four c a s e s  a r e  shown for  each primary energy where each 
case has  t h r e e  p a r a m e t e r s ,  t h e  impact p o i n t  X ,  the angle of i nc idence  
8 ,  and t h e  s u r f a c e  p o t e n t i a l  VCX). Case one i s  shown i n  columns three 
and four where X = 1 . 9 3  mm and V(X) - 5900V. Case two is shown iw 
columns five and s i x  where X = 2.15 mm and V ( X )  = 5500V. Case three is 
shown i n  columns seven and e i g h t  where X = 2 . 3 5  and V(X) - 5100 wh i l e  
case f o u r  i s  shown i n  columns nine and ten where X = 2.52 and V(X) = 
4600. The s h u l a t e d  impact p o i n t s  i n  Tab l e  11 are l i k e  rhe impact 
parameters shown on the a b s c i s s a  of F igures  25-28, 
It should b e  noticed that any angles which are greater than 
70" in Table 11 should be  cons idere4  a s  exper imenta l ly  impractical. 
This is due t o  the beam spreading effect which occurs as 8 becomes 
large. For instance, when E = 9.5keV, X = 2.38 mm and 0 = 75.8'. 
P 
The beam width is  about 0 . 6  mm. Information l i k e  t h a t  displayed i n  
Table  I1 was used  to p l o t  the theoretical curves shown i n  Figures 25 
and 28. The values of 8 l i s t e d  i n  Table 11 provide the j u s t i f i c a t i o n  
t h a t  t h e  data points marked with squares i n  Figure  29 are within t he  
limits of 70' 5 12'. Error bars for i n d i v i d u a l  data p o i n t s  are 
4- 
smaller than - 12' as  Table 11 a l s o  indicates. 
T a b l e  12 compares t h e  measured values  of  omax with the theore t -  
ica l  values of o found f o r  each of the four cases shown in Table 11. 
The t h e o r e t i c a l v a l u z s  shown i n  Table 11 were found by computing t h e  
Table 11. Values for E E - eAo, X , and 0 f o r  fou r  separate 
P' P 
cases where X = 1.95, 2,15, 2 , 3 5 ,  2.55, where B ( X  = 0) = 45'. 
E E -eA 
P P a X 0 
(keV: (keV) (mm) (degrees) (mm) (degrees) 
9.0 2.85 1.93 7 3 . 5  2.17 76.2 
9 . 5  3.35 1 .90  70.2 2.16 72 .5  
10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
3.85 
4.85 
5.851.92 
6.85 
7.35 
8.85 
9.851.95 
1.92 
1,91 
1.94 
1.96 
1.92 
68.0 
64.3 
61.2 
59.4 
58.3 
56.6 
54.2 
2.15 
2.13 
2.18 
2.15 
2.20 
2.15 
2.20 
71 .1  
66.1 
64.0 
6 3 . 1  
61.1 
58.6 
56.1 
I 2 . 5 2  
2.54 
2.55 
2.56 
2.53 
2.52 
2.55 
2 . 3 4  
2 . 3 7  
2 .39 
2 .35  
2 . 3 3  
2 .33  
2 .35  
76.5 
71.4 
69.8 
66.5 
63.9 
61.5 
58.2 
74.3 
70.5 
67.8 
64.7 
62.2 
60.0 
58.1 
Table 12. Values for the E 
P'  E~ - eAo, u 0 \ax, and u for four 6 
separate impact cases where V(X) = 6150(1 - ( X / B )  ). 
-- 
EP E p - * ~  
(keV) (keV) 
9.0  2 . 8 5  
9 . 5  3 .35 
10.0 3.85 
11.0 4.85 
12.0 5.85 
13.0 6.85 
14.0 7.85 
a(OO) 
experimental 
0.78 
0.72 
0.65 
0.58 
0.52 
0.48 
0.44 
u 
max 
experimental 
cf 
X -  1.95 
(mm) 
2 - 4 0  
2.20 
2.15 
1.51 
u 
X=2.51 
(m> 
u 
X =  2.15 
b m l  
a 
X=2.34 
(m) 
4.61 
2.44 
2.25 
1.56 
1.31 
1.07 
0.88 
- 
3 . 4 1  
2.65 
2 . 2 3  
1.56 
2 .67  
2.13 
1.73 
1.37 
1.27 
1.02 
0.87 
2.98 
2 . 3 6  
1.95 
1.40 
1.55 I 1.07 1 1.14 
1.36 
1.21 
0.94 
0.83 
1. 01 
0.89 
v a l u e  of  the  surface p o t e n t i a l  a t  each value of X and then approximat- 
i n g  t h e  va lue  of u for each  case .  For i n s t a n c e  when X = 1.95 mm the 
value u(OO) = 0 .72  i s  used when E - 9.5keV b u t  f o r  X 2.51 the impact 
P 
energy i s  higher and a is  approximated as 0.58 even though E h a s  n o t  
P 
changed. The v a l u e s  of u appear ing  in columns Eive  through e i g h t  of 
Table  12  are found by d iv id ing  t h e  a d j u s t e d  v a l u e s  of a( 0 = 0') by 
cos(t3) where aach 0 is found from F igu re  11. 
This  complicated and l a b o r i o u s  procedure was done s o  t h a t  the 
reader may compare v a r i o u s  t h e o r e t i c a l  op t ions  with experiment.  The 
au tho r  feels t h a t  the impact c o o r d i n a t e  X a 2.15 i s  t h e  point where 
maximum D i s  most l i k e l y  t o  occur ,  though t h e  exper imenta l  p rocedure  
and appa ra tu s  d i d  n o t  a l l ow  t h e  au tho r  t o  know e x a c t l y  where that p o i n t  
occur red .  The reason column ski i s  t h e  most r ea sonab le  c h o i c e  i s  t h a t  
t h e  v a l u e s  of a, f o r  t h e  c a s e s  where X - 2.34 mrn and X = 2,51 mm, are 
so  l a r g e  and t h e  impact  po in t s  s o  c l o s e  t o  the edge, t h a t  beam spread- 
ing would make a smaller than it appears i n  columns seven and e i g h t  
of F igu re  12. 
For the high primary e n e r g i e s  of 12keV, 13keV, and 14keV, the  
t h e o r e t i c a l  values of u appear ing  i n  columns Eive through e i g h t  of 
Figure 12 do not a g r e e  w i t 1 1  t h e  =perimental v a l u e  for ulna regard- 
less of impact c o o r d i n a t e  choice .  This i s  the same obse rva t ion  which 
w a s  made i n  Figure 28. A t  14keV no cho ice  of X will provide a theore t -  
ical v a l u e  of u e q u a l  t o  t h e  experimental value .  Th i s  suggests  that 
a primary beam with h i g h  impact energy and n l a r g e  impact: angle near  
a dielectric meta l  i n t e r f a c e  will possess  a cr larger than  theory  would 
p r e d i c t .  A t  E as h igh  as 15.5kV, t h e  esperimental v a l u e  of umax is P 
u n i t y  where the  impact  ang le ,  e s t ima ted  from the s imu la t ions  shown i n  
Table 11, is  6 0 ° ,  The t h e o r e t i c a l l y  p red ic t ed  c r i t i c a l  v o l t a g e  f o r  60' 
i nc idence  is 7kV corresponding t o  E = 13kV. 
P 
Table 1 3  lists t h e  same type  a £  trajectory impact parameters  
as  Table 11 except  t h a t  t h i s  i s  t h e  case f o r  t r a j e c t o r i e s  a s s o c i a t e d  
wi th  t r i a n g l e s .  Table 1 3  i n d i c a t e s  that, a t  0 = 4 5 ' ,  Vc = 5kV where 
the  i n v e r s e  cos ine  law would p r e d i c t  a v a l u e  of about  3.5kV. For graz- 
ing inc idence  near  t h e  dielectric meta l  i n t e r f a c e  the critical v o l t a g e s  
measured were g r e a t e r  than those  p red ic t ed  by theory.  
Figure 30 presents d a t a  similar t o  t h a t  presented  i n  F igu re  29. 
The data  poin ts  marked wi th  c i r c l e s  a r e  f o r  a normally i n c i d e n t  pr imary,  
beam whi l e  t h e  data p o i n t s  marked v i t h  t r i a n g l e s  a r e  f o r  probing beams 
which impact t h e  s u r f a c e  a t  X = 0 with 0 = 23'. The data p o i n t s  marked 
wi th  squares are for t r a j e c t o r i e s  which impact t h e  c e n t e r  o f  t h e  speci- 
men wi th  an ang le  of incidence equa l  t o  45'. The s g r f a c e  p o t e n t i a l  i n  
4 t h i s  case i s  v(X) = 10040(1 - (x/B) ) where t h e  abscissa s t a n d s  f o r  
E - eAo. Table 1 4  lists the  values of E Eo, %, Q, Q, and u f o r  P P ' 
cach c a s e  o u t l i n e d  above. The s o l i d  l i n e  drawn through the c i r c l e s  
is  for t h e  normal i nc idence  case. The upper s o l i d  l i n e s  are cons t ruc t -  
fad by d iv id ing  t h e  normal curve by t h e  cos ines  of 60' and 75' re- 
s p e c t i v e l y .  The peak v a l u e  of u(0 = 0') appea r ing  i n  F igu re  30 is 
l a r g e r  than t h e  corresponding va lue  of o(0 = 0") in Figure 29. The 
rario o f  emission c o e f f i c i e n t s  is about  1.14 f o r  normal i nc idence  and 
1 . 2 7  f o r  l a r g e  ang le s  of inc idence .  Th i s  i n d i c a t e s  t h a t  h ighe r  emis- 
sion c o e f f i c i e n t s  a r e  obta ined  a t  higher e l e c t r i c  f i e l d s  c o n t r a r y  t o  
the work of Quoc-Nguyen ( 7 ) .  
Table 13. Val,ues of E E - eAO, X and 9 f o r  three separate cases 
P' P 
where X = 1.90, 2.15, 2.35, where fl<x = 0 ) = 23". 
E 
P 
WT) 
9.0 
10.0 
11,O 
12.0 
E -4 
P o  
2,85 
3.85 
4.85 
5.85 
36.6 
V(X) = 5900 
X 8 
(mm) . (degrees) 
1.85 
1.85 
1.89 
1.92 
2.18 
46.7 
42.9 
40.3 
38.9 
39.6 
%(X) = C1500 
0 (m) ,(degrees) 
2.34 
2.17 
2-18 
2.3.6 
2.16 
41.7 
V(X) - 5100 
X 0 
(mm) , (de~rees) 
51.6 
48.6 
43.8 
4 1 . 3  
2.32 
2.37 
2.38 
2.37 
5 4 . 2  
51.5 
46 .6  
43.7 
r e  3 .  IJlot o f  (1 f u r  grazing iac idc i~ce  ~ x j ~ e ~ i r ~ i e l i t . ~  w iere t l~e  a scissa repruacrts Ii - e A o .  Ttie 
U11 C t. 
surface I , o ? i n t i n l  For this cast: was V(X) = 1(1t140{1 - (X/B) ) alld I: - 12keV. P f 
Tab le  14. Values of E Eo, \, Qr, Qp and u for a surface potential 
P ' max 
o f  10040 [l - ( x / B ) ~ ]  
Table  15 p a r a l l e l s  f o r  the higher su r face  p o t e n t i a l  what 
were presented i n  Tables 11 and 12 f o r  t he  lower p o t e n t i a l .  Column 
one represents the primary energy, column two represents some assumed 
impact p o i n t s  corresponding t o  u 
max ' 
column three is t h e  angle of in- 
c idence  f o r  the assumed impact  paint,  column four is the potent ia l  
a t  the impact point, column five i s  the measured v a l u e  o f  u f o r  noma1  
inc idence ,  column six is  t h e  measured value of u and column seven is 
max 
t h e  t l l e o r e t i c a l  value of umax ( 0 ) .  Here E - eAo is only a b o u t  5keV 
P 
(for E - 15.2keV) whereas in Table 13 E - eAo was about  8keV; t h e r e -  
P P 
fore T a b l e  1 5  does n o t  r e p r e s e p t  the very h i g h  impact ene rg i e s  as 
does T a b l e  12. 
Table 15, List of values of Ep, X, 0 ,  V(X), a(OO), measured 0 ,  and 
calculated a f o r  the surface potential V(X) = 10040(1 - 
( x / B ) ~ ) .  
E X 0 V (XI cr(0) o ( Q >  (mm) (degrees) (volts) o (0' ) measured calculated 
1.7 1.27 77.2 9800 1,30 3.0 5.87 
13.2 1.53 72 .6  9500 0.76 2.9 2.54 
15.2 1.54 65.1 9500 0.55 1.35 1.30 
CHAPTE?. V 
SUbiMARY AND CONCLUSIONS 
Basically two experimental cases were fnvestigated: (I) 
measurements of a were conducted In the presence of normal electric 
fields near the center of ehe specimen, and (2) measurements of a 
were made a t  grazing inc idence  near the edge of the specimen where 
tangential f i e l d s  were at least as strong as t h e  normal f i e l d .  
Normal Inc idence  and Normal F i e l d s  -
Values of t h e  c r i t i c a l  voltage (the voltage spread between 
the  two  u = 1 points) were measured f o r  normally inc iden t  electrons 
where the flood gun charging potential Vf was equal to GkV, BkV, 
lOkV, 12kV, and 14kV. The secondary emission coefficient was measured 
for two cases where Ef was 8kV and 12kV, and where the peak s u r f a c e  
potential A. was equal to 6150V and 10040V r e spec t ive ly .  Wen t h e  
peak surface potential was 6150V t h e  normal electric f i e l d  was 1500V/m 
and when AD = 10040V the normal field strength was 2730V/m. The 
exponent n (= 0.58) which characterizes high energy behavior of u, 
as stated i n  Equation (23), was determined f o r  an uncharged specimen. 
This  value of n seemed t o  hold equal ly  well in t h e  case of charged 
specimens. 
Oblique Incidence and Normal F i e l d s  
In Figures 25, 2 6 ,  27, and 28 experimental data  i nd ica ted  char 
in the presence of normal e l e c t r i c  fields and angles  of incidence up 
t o  60' t h e  exper imenta l  results agreed  w i t h  t h e  s imple  i n v e r s e  cos ine  
law. 
Oblique Inc idence  and Nan-Normal F i e l d s  
The s e c t i o n  r e l a t i n g  t o  measurements of o could not b e  
max 
modelled accu ra t e ly  because  t h e  impact p o i n t  was d i f f i c u l t  t o  spec i fy .  
However, the secondary emission c o e f f i c i e n t  d id  n,ot i n  gene ra l  obey t h e  
i n v e r s e  cosine l a w  a t  high ene rg ie s  (E > 12kV) and i n  r eg ions  of 
P 
s t r o n g  t a n g e n t i a l  fields. The emission c o e f f i c i e n t  was g r e a t e r  than 
that pred ic t ed .  Values of c r i t i c a l  energy were a l s o  b igger  than  t h e  
i n v e r s e  cosine l a w  p r e d i c t e d .  
Conclusions 
In  the presence of normal electric f i e l d s  and impact energies 
Eo 500V the i n v e r s e  c o s i n e  law f o r  secondary emission i s  a good 
model for the behavior  of ob l ique ly  incident e l e c t r o n s .  In the 
presence of s t rong  t a n g e n t i a l  f i e l d s  near  a d i e l e c t r i c  metal i n t e r f a c e  
a seems t o  be c o n s i s t e n t l y  l a r g e r  than  i t  i s  modelled t o  b e  at high 
p r i m a r y  energ ies .  
REFERENCES 
Katz, D. E . ,  e t  al .  "A t h r e e  dimensional  dynamic s tudy  of e l e c t r o -  
--
stat ic  charging i n  m a t e r i a l s , "  NASA CR-135256, August 1977. 
Robinson, J. W. "Surface charge kinet ics  near  m e t a l - d i e l e c t r i c  
i n t e r f a c e s  exposed t o  k i l o v o l t  e l e c t r o n  f l u x , "  Final  Report, 
NASA Grant NSG-3097, Sept .  1977. 
Robinson, J. W , ;  & D. G. T i l l e y .  " P o t e n t i a l  mapping wi th  charged 
p a r t i c l e  beams," Spacec ra f t  Chaging Technology--' ~78, AFGL-TR- 
79-0082, pp, 606-620, October 31-N-~vember 1, 1978. 
E:obinson, J. W. "Mapping of electrical potent ia l .  d i s t r i b u t i o n  wi th  
charged p a r t i c l e  beams,"Semi-annualReport, NASA Grant NSG-3166, 
3uly 1979. 
Robinson, J. W . ;  & P. A. Budd. "Mapping of e l e c t r i c a l  p o t e n t i a l  
d i s t r i b u t i o n  w i t h  charged p a r t i c l e  beams," Semi-annual Progress  
Report,  >larch 1980,  NASA Grant No, NSG-3166. 
T i l l e y ,  D. G. "Dipale and quadropole s y n t h e s i s  of e l e c t r i c  poten- 
t i a l  f i e l d s , "  Technica l  Report,  NASA Grant NSG-3166, J u l y  1979. 
Quoc-Nguyen, N. "Secondary e l e c t r o n  emission from a d i e l e c t r i c  f i l m  
sub jec t ed  t o  an e l e c t r i c  f i e l d , "  NASA CR-155213, November 1977. 
Robinson, J. W. "Mapping o f  e l e c t r i c a l  p o t e n t i a l  d i s t r i b u t i o n  wi th  
charged p a r t i c l e  beams," NASA Grant NSG-3366, Sept .  1980. 
Beers, B. L. ,  et aL. "Electron t r a n s p o r t  model of d i e l e c t r i c  charg- 
ing ,"  Proceedings of t h e  USAF/NASA Spacec ra f t  Charging Technology 
Conference, 1978. 
~ a r r o w e r ,  G. A .  "Energy s p e c t r a  of secondary e l e c t r o n s , "  Physical 
Review, vo l .  104, p .  52, 1956. 
Dobretsov, L. N,; & M. V .  Gomoyunova. Emission E l e c t r o n i c s .  
I s r a e l  Program f o r  S c i e n t i f i c  T r a n s l a t i o n s ,  Jerusalem (Trans l a t ed  
from Russian by I. Shechtman, pp. 235-2921, 
Fr idr ickhov,  S. A . ;  & A, R. Shulman. "An i n v e s t i g a t i o n  of the sec- 
ondary e l e c t r o n  emiss ion .by  certain d i e l e c t r i c s  a t  low primary 
e l e c t r o n  energy," Soviet Physics So l id  S t a t e ,  vol .  1, no. 8 ,  
p. 1153, 1960. 
Bronshtein,  I. M.; h R. B. Segal. "An i n v e s t i g a t i o n  of e l e c t r o n  
reflection from c e r t a i n  meta ls , "  S o v i e t  Physics S o l i d  S t a t e ,  
vo l .  1, p. 1365, 1960. 
Martsinovskaya, E. G. "Secondary electron emission from some 
aromatic hydrocarbons," Soviet Physics  S o l i d  State, vol, 7, 
no, 3, p. 661, September 1965. 
Kanter, H, "Energy d i s s i p a t i o n  and secondary electron emission 
i n  s o l i d s , "  Physical Review, vo l .  121, no. 3 ,  p. 677, Feb. 1, 
1961. 
Lye, R. G. ; & A. J, Dekker. "Theory of secondary emission,"  Phys. 
-
Rev., vo l .  107,  no. 4 ,  Aug. 15, 1957, pp. 977-981. 
-
W i l l i s ,  R. F.; & D. K. Skinner. "Secondary e l e c t r o n  emission yield 
behavior of polymers," Solid State Comm~nications,  vol .  13, 
pp. 685-688, 1973. 
Dekker, A .  3 .  Sol id  State Physics. Prent ice-Hall ,  Inc . ,  1959. 
Bruining,  H . ,  M.B.E. Physics  and Applications of Secondary Elec t ron  
Emission. McGraw-Hill Book Company, Inc . ,  1954. 
Katz ,  D. E. ,  et al. "A t h r e e  dimensional  dynamic study of e l ec t ro -  
s t a t i c  charg ing  i n  m a t e r i a l s , "  NASA CR-135256, August 1977. 
Jonker, J. L. H. "On the theory of secondary e l e c t r o n  emission," 
P h i l i p s  Research Reports ,  v o l .  7 ,  pp. 1-20, 1952. 
Everhare, T. E. "Simple theory concerning the r e f l e c t i o n  of elec- 
t r o n s  from s o l i d s , "  Journal of Applied Phys ics ,  vo l .  31, no. 8 ,  
Aug. 1960. 
Gibbons, D. J. "Secondary e l e c t r o n  emission,"  Handbook of Vacuum 
Physics, v o l .  2 ,  p .  299,  Pergamon, 1966. 
Dekker, A .  J. "On t h e  escape mechanism of secondary e l e c t r o n s  from 
i n s u l a t o r s , "  Physfca ,  vol. 21, p .  29, 1954. 
Young, J. R. " P e n e t r a t i s n  of e l e c t r o n s  i n  aluminum oxide  f i lms , "  
Physical Review, v o l .  103, p. 292, 1956. 
Young, R. J. "Dis s ipa t ion  of energy by 2.5-IOkeV e l e c t r o n s  i n  
A1203," J o u r n a l  of Appl ied  Physics ,  vol .  28, no. 5 ,  May 1957, 
p .  5 2 4 .  
Johnson. J. B.: & K. G. McKav. "Secondary e l e c t r o n  emission of 
c r y s ~ a l l i n e ~ ~ l g O , "  phys ica i  Review, vol: 91, no. 3 ,  p .  582, Aug. 
1, 1953. 
Whetten, N. R. ;  & A. B.  Laponsky. "Secondary e l e c t r o n  emission 
from EIgO t h i n  Eihs , I '  Journal of A p p l i e d  Physics, vol. 30, no. 
3, p. 432, Narch 1959, 
29.  DeVogelnire, R. "A method for the numerical integration of dif- 
ferential equations of second order without explicit f i r s t  
derivatives," Journal of Research of the National Bureau of 
Standards, 56, p. 119, March 1955. 
30. Jackson, J. D. Classical Electrodynamics. Wiley, 1962. 
APPENDIX A 
DETERMIHATION OF DEFLECTION FACTOR 
APPENDIX A 
The d e f l e c t i o n  factor D is defined t o  have &he u n i t s  of radians 
per  v o l t .  It i s  a measure of the angle with  respect t o  a normal drawn 
outward from the  c y l i n d e r  exterior (angle 6). By adjustment of the 
d e f l e c t i o n  vo l t age  various a n g l e s  of inc idence  may be  g iven  t o  the 
probing beam. 
Tne probfng beam is  d e f l e c t e d  a t  some point  outs ide  of t h e  
c y l i n d e r  by t h e  deflection p l a t e s ,  This  po in t  was found t o  be 1 .0  c m  
from t h e  e x t e r i o r  of the  c y l i n d e r .  This p o i n t  was Eound experimentally 
to be f i x e d  r e g a r d l e s s  >.€ probing beam p o t e n t i a l .  The poinc o f  de- 
f l e c t i on  was f,cdnd by measuring elccrron t r a j e c t o r i e s  through the 
frontside and backside of t h e  cylinder for specific d e f l e c t i o n  voltages 
as shown in F i g u r e  31. 
Figure  3 1  shows two probing beam t r a j e c t o r i e s  which pass through 
t h e  c y l i n d e r  when t h e  platform has been removed. The entry and exit 
points are found f o r  c o n s t a n t  d e f l e c t i o n  v o l t a g e s  DV1 and DV,. S t r a i g h t  
w 
l i n e s  are drawn through these p o i n t s  and ehe  angle t ha r  is subtended by 
these l i n e s  i s  c a l l e d  2Y. The d i f f e r e n c e  of t h e  d e f l e c t i o n  voltages 
(DVL - DV2) i s  divided by 2Y and y i e l d s  a quantity we w i l l  c a l l  G. 
I t  is necessary t o  i n t roduce  a c o r r e c t i o n  f a c t o r  t o  the q u a n t i t y  
G i n  o r d e r  t o  o b t a i n  D,  the d e f l e c t i o n  f a c t o r .  Figure 32 shows t h e  
geometry considered. The angle  Y is  shown as i n  F igure  31 and 6, the 
probing beam angle of i n c l i n a t i o n ,  is  a l s o  shown. An analysis of t h e  
geometry using the law of sines and t h e  fac t  thar t h e  c y l i a d e r  r a d i u s  
i s  2.54 cm and tha t  t he  distance from c y l i n d e r  t o  pc ine  of d e f l e c t i o n  
is  1 . 0  cm i t  i s  p o s s i b l e  t o  estimate B given Y. T h i s  a n a l y s i s  s t a t e s  
Zigure 31. Figure snowing two trajectories th rough  the cylinder for 
two different cieflcction voltages and-the angle subrendeu 
by ei~e trajectories,  P .  
P o i n t  o f  Injection-- 
2a in t  a f  
3ef l ec rFon  
C y l i n d e r  Exrer i o r  - 
Figure 3 2 .  3igure s n o w i . ~ g  how ii is u b t ~ i n e d  from i .  
that for Y and B small it is sufficient to multiply Y by 1.4 to obtain 
the correct angle of inclination B .  The angle 6 was one of the two 
angles used as input parameters to the computer simulations. 
Table 16 shows G f o r  each probing beam energy E and the product 
P 
of the  two. It was sufficient to multiply G by 1.4 in order to obtain 
D 
Table  16. Values for probing beam energy, deflect ion factor G, and 
t h e  product of G and E . 
P 
APPENDIX B 
PROCEDURE FOR CHARGING SPECIMEN 
APPENDIX B 
The fol lowing procedure was implemented i n  order t o  charge t h e  
specimen t o  a known p o t e n t i a l  with t h e  system f l ood  gun. 
(1) Turn high v o l t a g e  power supply t o  zero .  
( 2 )  S e t  h igh  v o l t a g e  switch i n  the p o s i t i o n  t o  power f lood  
gun, 
(3 )  Rotate c y l i n d e r  t o  the p o s i t i o n  where t h e  chargfng window 
i s  between t he  platform and the f lood  gun. 
(4) Rotate  t h e  platform from some a r b i t r a r y  p n s i t i o n  t o  t h e  
p o s i t i o n  where i t  is perpendicular  t o  t h e  f lood  gun beam. 
(5) blrn e l ec t rome te r  t o  the proper  s e t t i n g  (Coulomb mode) 
such that the a n t i c i p a t e d  measurements do not read  o f f  
scale. 
(6)  Release e lec t rometer  need le  lock.  
(7)  Turn u$ h i g h  vo l t age  power supp$y t o  the  d e s i r e d  f lood  
gun p o t e n t i a l .  
(8) Tarn up f l o o d  gun filament current  and w a i t  u n t i l  ch-arge 
monitored by electrometer s t a b i l i z e s .  
(9) Turn o f f  f lood  gun f i l a m e n t  c u r r e n t .  
(10) Rotate  p la t form and cyl inder  t o  p o s i t i o n s  f o r  t h e  coming 
experiment. 
(11) Turn high volrage power s u p p l y  t o  zero. 
(12) Turn h i g h  v o l t a g s  power swi t ch  to t h e  pos i t ion  which  
powers the probe  .gun. 
APPENDIX C 
PROCEDURE TO FIND THE TEST CHARGE 
The fo l lowing  step by s t e p  procedure was used i n  o rde r  t o  find 
the amount of test charge . Pn 
(1) S e t  p la t form pe rpend icu l a r  t o  the probing beam and t h e  
c y l i n d e r  a t  a position where the detector wires do n o t  
o b s t r u c t  t h e  beam. 
(2)  Se t  h igh  voltage power switch to  the pos i t ion  which powers 
th.e p r o b i n g  beam, 
(3)  S e t  VH i n  p u l s e  circuitry t o  about  1hV and set  V a t  t h e  L 
voltage d e s i r e d  f o r  each s p e c i f i c  experiment .  S e t  p u l s e  
width as desired. 
( 4 )  Switch t h e  e l e c t r o m e t e r  to 10-'OC with a m u l t i p l i e r  s e t t i n g  
o f  0.03. 
(5) Turn h igh  voltage swi t ch  t o  t h e  position which powers the  
probing beam. 
6 Turn UQ t h e  h igh  v o l t a g e  power s u p p l y  t o  t h e  probing beam 
po t e z c k l  des i red .  
(7 )  T ~ r n  on s t r i p  recorder t o  speed of 20 mm/s, 
(Y) Release needle  l o c k  on e l ec t rome te r .  
(9) Close swi t ch  one i n  pulse c i r c u i t r y  and lock  need le  on 
e l ec t rome te r .  
(10) Label each r eco rd ing  and r e c o r d  (a) beam energy, (b )  motor 
s e t t i n g s ,  ( c )  p u l s e  wid th ,  (d)  VH and VL, ( e )  elec t rometer  
s e t t i n g s .  
(11) Continue puls ing  specimen w i t h  various voltages V L ' 
(12) Turn down h i g h  v o l t a g e  power supply. 
APPENDIX D 
PROCEDURE FOR DSSCHARGING SPECDEN 
APPENDIX D 
The following procedure was implemented i n  o rde r  t o  discharge 
t h e  d i e l e c t r i c  spec - .,,en. 
(1) Turn high v o l t a g e  power supply  t o  zero. 
(2) Switch h igh  v o l t a g e  power t o  t h e  f lood  gun. 
( 3 )  Rotate  p l a t fo rm t o  the p o s i t i o n  where i t  i s  perpendicular  
to  t h e  flood gun beam. 
( 4 )  Rotate  c y l i n d e r  u n t i l  t h e  window i s  between t h e  specimen 
and flood gun. 
(5) See electrometer t o  read p o s i t i v e  charge  on ~ O - ~ C  scale 
and r e l e a s e  needle  lock .  
(6) Turn up h igh  vo l t age  power supp ly  t o  t h e  p o t e n t i a l  a t  
which t h e  specimen was l a s t  charged. 
( 7 )  Turn up flood gun f i l amen t  c u r r e n t .  
(8) Slowly (500 V/s) decrease high v o l t a g e  t o  zero  v o l t s  
while moni tor ing  charge on e l ec t rome te r .  
(9) Turn f l o o d  gun filament c u r r e n t  t o  zero. 
(10) Compare the positive charge r e l e a s e d  t o  the nega t ive  charge 
depos i ted  and cont inue  i f  charges are equal .  I f  t h e  
charges are ~ n e q u a l  go back t o  ( 6 ) .  
APPENDIX E 
PROCEDURE FOR F I N D I N G  ~ ( 8  = 0') 
The fol lowing procedure was implemented in  order t o  find a for 
normally i n c i d e n t  elecrrons. 
(1) Charge specimen and l o c k  needle on electrometer. 
(2) S e t  high voltage power supply a t  zero v o l t s  and app ly  t h i s  
voltage t o  the probing beam. 
13) Set VH and V as desired for s p e c i f i c  experiment.  L 
-10 ( 4 )  S e t  e l e c t r o m e t e r  on  10 C s c a l e  and u s e  a p p r o p r i a t e  m u l t i -  
p l i e r  setting (0.01, 0.03). 
(5) Turn up  h igh  v o l t a g e  power supply  to  the desired potential 
corresponding t o  t h e  voltage used i n  Appendix C .  
(6) Check drift rate on e l ec t rome te r  t o  see which m u l t i p l i e r  
s e t t i n g  is b e s t  (0.01, 0.03). 
( 7 )  Turn s t r i p  recorder tape speed on (20 mm/s), release n e e d l e  
lock, pulse d e f l e c t i o n  v o l t a g e ,  quickly push i n  needle lock 
and t u r n  off s c r i p  r eco rde r  t a p e  d r i v e .  
(8) Record VL, Vy, pu l se  w i d t h ,  motor settings, f l ood  p o t e n t i a l ,  
probe potent~al, and electrometer settings for each measure- 
ment. 
(9 )  Repeat e i g h t  f o r  various low voltages VL. 
APPENDIX F 
MEASUREMENT OF REFLECTED TRAJECTORIES 
The fol lowing procedure was used i n  o rde r  t o  measure r e f l e c t e d  
t r a j e c t o r i e s  used i n  p o t e n t i a l  mapping. 
(1) Charge specimen t o  Vf. 
(2) Swi tch  high v o l t a g e  switch t o  p robe  beam p o s i t i o n .  
(3)  Rotate  platform t o  t h e  p o s i t i o n  where it i s  pe rpend icu l a r  
t o  t h e  probing beam. 
(4) Rotate  c y l i n d e r  t o  t h e  p o s i t i o n  where the detector wire  
is 1" from an undeflecred probing beam e n t e r i n g  t h e  cy l in -  
der .  
(5) Turn probing beam p o t e n t i a l  t o  3KV below Vf. 
( 6 )  Vary deflection v o l t a g e  u n t i l  the detector wire h a s  been 
struck and record  that d e f l e c t i o n  vol tage .  No beam pulsing 
i s  used. 
( 7 )  Set d e t e c t o r  wire a t  y = +54*, +36Q,  +18O, *-18', -36', ,q.nd 
-54' and record the d e f l e c t i o n  vo l t ages  r e q u i r e d  t o  strike 
the de tec to r  wires w i t h  the reflected probing beam. 
(8) Record Vf, V , and the v a r i o u s  d e f l e c t i o n  vo l t ages .  P 
(9)  Turn down h igh  v o l t a g e  supply t o  zero. 
